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FOREWORD

One of the greatest obstacles facing nuclear energy is how to properly handle the highly radioactive waste
which is generated during irradiation in reactors. In order for nuclear power to realize its full potential as a
major energy source for the entire world, there must be a safe and effective way to deal with this waste. In the
past years more and more studies have been carried out on advanced waste management strategy (i.e. actinide
separation and elimination) in various countries and at an international level. An innovative concept of a
hybrid system for transmutation of long-lived radioisotopes, i.e. the combination of a subcritical nuclear
reactor with an high energy particle accelerator, has been suggested recently. It is claimed that
accelerator-driven transmutation of waste (ATW), a concept which has being developed in different countries
for a period of more than 30 years, offers new prospects for transmutation of high level nuclear waste. The
system would convert highly radioactive materials, with half-lives as long as one million years, to
non-radioactive materials or materials with much shorter half-lives. In addition, the hybrid system can
generate electricity converting transuranium waste.
A Special Scientific Programme on "Use of High Energy Accelerators for Transmutation of Actinides
and Power Production" was organized of the IAEA in Vienna on 21 September 1994 in conjunction with the
38th General Conference to present and investigate various technical options for transmutation of actinides
and power production using high energy accelerators and to discuss their advantages and disadvantages
together with prospects for their technical and economic viability and to understand what could be the role

of the IAEA in the further development of this scientific area. Six experts presented their views on key issues
of existing concepts and R&D programmes and discussed in depth short and long term perspectives of
accelerator driven transmutation concepts.

As recommended by participants of the Special Scientific Programme, the IAEA has initiated work on
a status report on accelerator driven systems (ADS). The general purpose of the status report is to provide,
in particular for planners, decision makers, and other parties that are not directly involved in the development
of ADS, an overview of ongoing development activities, different concepts being developed and their project
status, as well as typical development trends.

In November 1994,

the IAEA convened a consultants meeting on the status of accelerator driven systems,

which brought together experts in this field from France, Japan, the Russian Federation, Sweden and CERN.

The purpose was to review the current status of ADS technology and to evaluate the incentives and
justifications for this technology in the light of present world energy demands. A draft report based on this

review was prepared using input from the experts in areas such as the state of the art in ADS technology, the
large scale technical feasibility and the economics of accelerator driven transmutation technology as well as
their safety and related environmental aspects. These contributions were reviewed and discussed by the
experts at a second consultants meeting and the results of this updated evaluation are summarized in the
present TECDOC. This document includes the individual contributions by experts from six countries and two
international organizations in many different areas of the accelerator driven systems technology. The report
was written during a period of a very dynamic development of different ideas and conceptual designs of the
accelerator driven transmutation technology. It is believed, however, that the report gives a comprehensive
overview of the most interesting projects which were conducted in that time.
The IAEA would like to thank all those individuals who participated in the consultants meetings, and
provided the written contributions from the various countries. Special thanks are due to W. Gudowski from
Sweden, who compiled, processed and edited the input from the experts and to C. Rubbia, who provided
a comprehensive report on the ADS concept elaborated by CERN. The valuable contributions from the
ADTT-division (C. Bowman, F. Venneri and S. Wender) from the Los Alamos National Laboratory are
to be acknowledged as well as H. Takahashi's (Brookhaven National Laboratory) invaluable assistance.
V. Arkhipov from the IAEA's Division of Nuclear Power and the Fuel Cycle is the officer responsible for
preparing this document. The IAEA would like to thank A. Soltan for his help in the final editing of this
report.
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original manuscripts as submitted by the authors. The views expressed do not necessarily reflect those
of the governments of the nominating Member States or of the nominating organizations.
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compiled.
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A. INTRODUCTION
A. 1. STATEMENT OF CONCEPT AND GOAL
The objective of the Status Report on Accelerator Driven Systems (ADS) is to present the state of the art of
this technology by reviewing the current status and progress of national and international programmes in this
field. The report aims at helping to identify and possibly stimulate important directions of national and
international efforts in this area.
The experts working on this report noted the increasing interest among some Member States and international
research groups in exploring possible accelerator impact on the nuclear fuel cycle and consequently on the future
of nuclear energy.
This report is divided into several sections. The basic physical phenomena and physical aspects of ADS are
described in the first parts (Section A) followed by a review of existing national/international projects. The most
important research and development issues are also reviewed. Nonproliferation aspects, the impact of ADS on
the future of nuclear power and the experts recommendations on the international cooperation are presented in
the final part of the report.
The chapters written by invited experts are signed by their names, the parts in which names are not indicated
are written or/and compiled by the editor, Mr. W. Gudowski of Sweden.

Section B - Physical Features of ADS describes the most important parts of these systems: target, blanket, fuel
cycle, associated fuel cycle technologies and general accelerator issues. Special attention is focused on the
neutron economy for different concepts of ADS.
Section C is dedicated to some research and development problems : radiation damage and computer code
development necessary for the progress of ADS.
Section D - Performance of the ADS Systems - the most important national/international projects are presented
by the respective project leaders. Some smaller efforts in ADS are also described. Contributions to this section
were written by the managers/leading scientists of the selected national/international projects. Many issues from
sections B and C are also extensively described in the context of the particular projects. Planned
demonstration/integral experiments are also reviewed in this section.
Section E with two appendices address some selected safety problems connected to ADS projects proposed by
CERN-group.
Section F - formulates briefly the expert recommendations.

A.2.

HISTORY AND CURRENT STATUS

In a fission chain reaction the excess of neutrons - if available - may be used for converting non-fissile
materials into nuclear fuel as well as for transmutation of some long-lived radioactive isotopes into shortlived or even nonradioactive ones. This excess of neutrons can also be used to facilitate incineration of
long-lived waste components, for fissile material breeding or for extended burnup. One way to obtain
excess neutrons is to use a hybrid subcritical reactor-accelerator system called just Accelerator-Driven
System. In such a system the accelerator bombards a target with high energy protons to produce a very
intense neutron source (a process called spoliation), these neutrons can consequently be multiplied in a
subcritical reactor (often called a blanket) which surrounds the spallation target.
The basic process of accelerator-driven nuclear systems is nuclear transmutation. This process was first
demonstrated by Rutherford in 1919, who transmuted 14N to 17O using energetic a-particles. I. Curie and
F. Joliot produced the first artificial radioactivity in 1933 using a-particles from naturally radioactive
isotopes to transmute Boron and Aluminum into radioactive Nitrogen and Oxygen. It was not possible to
extend this type of transmutation to heavier elements as long as the only available charged particles were
the a-particles from natural radioactivity, since the Coulomb barriers surrounding heavy nuclei are too
great to permit the entry of such particles into atomic nuclei. The invention of the cyclotron by E.O.
Lawrence [1 ] removed this barrier and opened quite new possibilities [2]. When coupled with the spallation
process, high power accelerators can be used to produce large numbers of neutrons, thus providing an
alternative method to the use of nuclear reactors for this purpose. Spallation offers exciting new
possibilities for generating intense neutron fluxes for a variety of purposes.
The first practical attempts to promote accelerators to generate potential neutron sources were made
in the late 1940's by E.O. Lawrence in the United States, and W.N. Semenov in the USSR. The first such
application for the production of fissile material was the MTA [3] project at the Lawrence Livermore
Radiation Laboratory. This project was abandoned in 1952 when high grade Uranium ores were discovered
in the United States. The Canadian team at Chalk River [4] has always been a strong proponent of such
a producer of fissile material which could be used in conjunction with a conversion-efficient CANDU
reactor.
When the United States administration decided to slow down the development the fast breeder to promote
non-proliferation goals, Brookhaven National Laboratory presented several proposals for accelerator breeders
such as the Na-cooled fast reactor target, the Molten Salt target, the He-gas-cooled target, as well as the LWR
fuel regenerator.
This concept of the accelerator breeder has also been studied by Russian scientists. Under the guidance
of V.I. Goldanski, R.G. Vassylkov [5] made a neutron yield experiment in depleted Uranium blocks using the
accelerator at Dubna.
The original idea of exploiting the spallation process to transmute actinide and fission products directly
was soon abandoned The proton beam currents required were much larger than the most optimistic theoretical
designs that an accelerator could achieve, which are around 300 mA. Indeed, it was shown that the yearly
transmutation rate of a 300 mA proton accelerator would correspond only to a fraction of the waste generated
annually by a LWR of 1 GWe.
To use only the spallation neutrons generated in a proton target, the fission products would be placed
around the target. For the highest efficiency, depending on the material to be transmuted, either the fast
neutrons would be used as they are emitted from the target or they would be slowed down by moderators to
energy bands with higher transmutation cross-sections, for example, the resonance or the thermal region.
hi the last few years hybrid systems were proposed for different purposes. ADS on fast neutrons for the
incineration of higher actinides was proposed at Brookhaven National Laboratory (PHOENEX-project) and
is now carried out in Japan as a part of OMEGA-programme. Los Alamos National Laboratory has developed
several ideas to use the hybrid system on thermal neutrons with a linear accelerator for incineration of
Plutonium and higher actinides, for transmutation of some fission products in order to effectively reduce long-
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term radioactivity of nuclear waste as well as for producing energy based on the Thorium fuel cycle, hi 1993
Carlo Rubbia and his European group at CERN proposed a cyclotron based hybrid system to produce nuclear
energy with Thorium-based fuel. This is an attractive option reducing the concerns about higher actinides in
the spent fuel and giving the possibility of utilizing cheap and quite abundant Thorium. First experiments have
already been performed by the CERN-group.

Many countries are considering to permanently store long-lived highly radioactive material in stable
geologic formations, e.g. such as the Yucca Mountain in Death Valley. However, there is concern that the
waste remains dangerous for many tens of thousands of years. The concern that such repositories can become
mines for Plutonium has become of even greater concern as the U. S. has made it known that nuclear weapons
can be made from Plutonium generated in commercial power reactors [6]. Therefore, it is worthwhile studying
an alternative approach that would separate the long-lived nuclei from the high-level waste by transmuting
such nuclei into short-lived or non-radioactive wastes.
ADS operates in non self-sustained chain-reaction mode and therefore minimizes the power excursion
concern. ADS is operated in a subcritical mode and stays subcritical, regardless of the accelerator being on
or off. The accelerator provides a convenient control mechanism for subcritical systems than that provided
by control rods in critical reactors, and subcriticality itself adds an extra level of operational safety concerning
criticahty accidents. As described later, a subcritical system driven with an accelerator decouples the neutron
source (spallation neutrons) from the fissile fuel (fission neutrons). Accelerator driven systems can in principle
work without safe-shutdown mechanisms (like control rods) and can accept fuels that would not be acceptable
in critical systems.
The technology of accelerating a charged particle to high energy has been well demonstrated in recent
years, as has the technology of the target. However, extension of this capability to high-current beamacceleration is required.
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B. PHYSICAL FEATURES
B.I. CLASSIFICATION OF THE ADS
Figure 1 shows a classification of existing ADS concepts according to their physical features and final
objectives. The classification is based on neutron energy spectrum, fuel form (solid, liquid), fuel cycle and
coolant/moderator type, and objectives for the system. ADS systems - like reactors - can be designed to
work in two different neutron spectrum modes - on fast or on thermal neutrons. There are also attempts
[7] to design a system which will exploit the neutron cross-section resonances in what could be classified
as a "resonance neutron" mode. Both, fast and thermal systems are considered for solid and liquid fuels.
Even quasi-liquid fuel has been proposed based on the particle fuel (pebble bed) concept developed by
BNL [see later sections]. The objective for some nuclear transmutation systems is to transmute existing
nuclear wastes from light water reactors, mainly Pu and minor actinides, with or without concurrent energy
production. These projects can be classified as an attempt to close the LWR-fuel cycle. Other systems are
designed to take advantage of the Thorium fuel cycle for energy production. As can be seen in Figure 1
most concepts are based on linear accelerators. However, the CERN-group and BNL propose to use a
proton cyclotron. The choice of the accelerator is an important issue which is discussed later in this report.
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B 2 TARGET AND BLANKET - GENERAL ISSUES
Spallation refers to nuclear reactions that occur when energetic particles leg protons, deuterons

neutrons, pions, muons, etc ) interact with an atomic nucleus - the TARGET nucleus In this conteKt,
"energetic" means kinetic energies larger than about 100 MeV per nucleon At these energies it is no longer
correct to think of the nuclear reaction as proceeding through the formation of a compound nucleus The
initial collision between the incident projectile and the target nucleus leads to a series of direct reactions
(intranuclear cascade) whereby individual nucleons or small groups of nucleons are ejected from the

nucleus At energies above a few GeV per nucleon, fragmentation of the nucleus can also occur After the
intranuclear cascade phase of the reaction, the nucleus is left in an excited state It subsequently relaxes its
ground state by "evaporating" nucleons, mostly neutrons [1]

The spallation process is depicted in Fig 2, showing two stages of the process (intranuclear cascade
and evaporation) For thick targets high energy (> 20 MeV) secondary particles (plus their progeny I can
undergo further spallation reactions For some target materials, low energy (< 20 MeV) spallation neutrons
lie the cascade- evaporation neutrons) can enhance neutron production through low energy i n , \ n )
reactions For heavier nuclei, high energy fission can compete with evaporation in a highly-excited

nucleus High-energy fission competition with evaporation in highly-excited nuclei is illustrated in Fig
2 Tantalum Tungsten, and Lead are examples of materials that can undergo spallation/high-energv fission
(n,xn)

Thick target spallation/
high-energy fission
Thin target spallation/
high-energy fission
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FIG 2 Illustration of the spallation process in thick targets, with evaporation competing
high energy fission in the de-e\citatwn of highly excited nuclei

Some spallation-target fissionable materials such as Thorium and depleted Uranium can (in addition
to undergoing high-energy fission) be fissioned b> low -energy (-1 MeV to -20 MeV) neutrons Spallation
high -energv fission and low-energy neutron fission produce different nucelar debns (spallation and fission

products I
These processes are calculated by mtra- and inter-nuclear cascade codes developed bv several

laboratories and described in the later sections.
Deuteron and triton projectiles produce more neutrons than protons in the energy range below 1-2
GeV; thus, the efficiency of transmutation can be increased using them. However, the high yield of
neutrons among the low-energy deuterons and triton can easily contaminate the low-energy part of the
accelerator with radio-activity from these spilled charged particles; this causes trouble in hand-maintaining
the accelerator. Thus, the maintenance cost of the accelerator becomes high, unless spilling of the beam,
which is more likely to occur in the low-energy section than in the high-energy section, is extremely
limited. Figure 3 shows the neutron yield when deuterons or triton are injected into a finite-size U-target.
The function of the target in the ADS is to convert the incident high energy particle beam to low energy
neutrons. These requirements can be summarized as [8]:
1. Compact size to enable good coupling to the surrounding blanket,
2. High power operation, of the order of 10 to 100 MW,
3. High neutron production efficiency,
4. Reliable and low maintenance operation,
5. Safe and low hazard operation,
6. Small contribution to the waste stream.
It is believed today that molten Lead or Lead-bismuth eutectic (LBE) are the best choices to meet most
of these requirements. A significant problem with LBE, however, is the production of radioactive and
highly mobile Polonium from high-energy proton and neutron reactions on Bismuth. This becomes a
concern in accident scenarios where the polonim contained in the LBE is rapidly released at high
temperatures. Lead, on the other hand, has a much reduced Polonium production, but higher operating
temperatures. Experimental experience and further assessements are needed to make the best choice (see
further sections).
In accelerator-driven transmution of MA (Minor Actinides) or LLFP (Long Lived Fission Products),
a
subcritical
assembly
(blanket) surrounding the
spallation target can multiply
o
the spallation neutrons. In
cr
quantitative terms, the total
number of fissions Nfiss in the
1602
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fission)
v = number of neutrons per 'regular' fission

k^ = multiplication factor for 'regular' fission neutrons
By increasing the k^ value of subcntical target, one can reduce the proton current required to incinerate
the MAs If the k-value reaches 1, then the target becomes critical and does not require an outside source
of neutron created by the proton accelerator, but instead the safety problem associated with cnticality of
"MA-reactor" has to be addressed So far, the k value that is most suitable for acdnide incineration is under
investigation Furthermore, it should be considered from many aspects, such as safety, the operational
procedure, choice of material, and the cost of the incinerator k-values studied in many cases span over an
interval of 0 9 - 0 98
The important issue in designing ADS is its inherent subcnticality and stability of reactivity This
feature can significantly improve the safety of ADS and furthermore may eliminate the necessity of control
rods Control rods are not only a safety concern (in most cases it is a mechanically driven device), they
degrade - in the most of cases - the neutron economy of the system Good neutron economy is the crucial
issue for ADS because it determines the power and consequently the cost of the accelerator
Similar to conventional nuclear reactors, ADS can operate in different neutron spectrum modes The
thermal cross-section for transmuting MA and FP is larger than the fast neutron cross-section, so that the
inventory of these materials in the core can be reduced substantially However, the thermal neutron crosssection of the transmuted products is also large, and, as soon as these daughter isotopes are produced in
the core, it is desirable to remove them, otherwise the neutrons will be wasted by neutron capture by the
poison isotopes The capture of fast neutrons by the fission products and the structural material is small,
and from the point of view of neutron economy, the fast reactor is better than the thermal reactor Also,
one would like to take advantage of the high t| value for 23SPu, the other actimdes and MA to get extra
neutrons produced by high-energy fission for transmuting the LLFP
The Thonum-Uramum fuel cycle is an attractive option for future ADS The Thorium-Uranium fuel
cycle has advantages over the traditional Uranium-Plutonium cycle used in today's nuclear reactors, among
them

1) The Thorium-Uranium cycle produces a relatively small amount of higher actimdes compare
with Uranium-Plutonium cycle, because of the small capture to fission ratio in a3U and
because of the presence of two other fissionable isotopes of Uranium (^U and 237U) in the
chain leading to Plutonium and the other heavier actimdes

2) The Thorium-Uranium cycle is regarded as safer than the Uranium-Plutonium cycle from a
nuclear weapons proliferation standpoint, because of the presence of the hard-gamma emitter
in 232U decay chain as a minor product of the cycle, and because of the possibility of
straightforward isotopic dilution of a3U with depleted or natural Uranium in the feed or startup fuel
However, Thorium-Uranium fuel cycle has less favourable overall neutron balance
These issues will be discussed in the later part of this report
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B.2.1. LIQUID TARGET/FUEL AND ASSOCIATED FUEL CYCLE TECHNOLOGIES
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B.2.1.1. INTRODUCTION

Accelerator-driven transmutation systems with liquid target/fuel have advantages such as thecapability
of establishinga continuous transmutation system without accompanying the batch reprocessing
indispensable for solid target/fuel systems. In the liquid target/fuel systems, the nuclear waste from the
system is designed to be restricted to only short-lived waste of fission products (FPs) and spallation
products (SPs). The conceptional differences between solid and liquid systems in the fuel cycle technology
are shown in Fig. 1. The concepts with liquid target/fuel systems may in principle have the advantage of
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eliminating the reprocessing processes for the spent fuel. However, since h'quid target/fuel technology has
not been proven, many R & Ds will be required to realize the liquid target/fuel system.
One of the JAERI proposed concepts with liquid target/fuel is the molten chloride salt system [1] and
another is the liquid alloy system [2]. In the molten salt system, molten chloride salt dissolving
transuranium (TRU) is adopted as the liquid target/fue]. In this system the heat exchangers are located in
the target/blanket vessel to reduce the total TRU inventory. The TRU inventory in the system, however,
is as large as 5,000 kg to transmute about 250 kg of minor actinides (MAs) per year. On the other hand,
a liquid TRU alloy target/fuel of Pu-Np-Co-Ce is analyzed to examine the feasibility of a transmutation
system with a small TRU inventory of less than 1,000 kg.
B.2.1.2. CONCEPT OF TRANSMUTATION TARGET/FUEL AND MATERIAL SELECTION
B.2.1.2.1. Molten salt target/fuel

Conceptional design studies on the transmutation system of TRU and long-lived FP of "Tc and 129I
have been performed. The
technical feasibility of an
accelerator-driven transmutation
N6CI
system with the molten chloride
(8OO°)
salt target/blanket has been
assessed.
To
satisfy
a
requirement
of
the
transmutation capacity of MA
360",
produced by about 10 units of
2NoCI-ThCU
3,000 MW, LWR, namely about
453'
250 kg/a, fast neutron systems
375'
with an effective multiplication
factor around 0.9 or more are
needed.
To establish an efficient
transmutation system with
molten salt, molten chloride is
selected from the point of view
of the TRU solubilities and
mass numbers of the component
620*
elements compared with the
PuClj
ThCU
Mol %
(762-1
(770*)
other possible salts such as
fluorides. Concerning TRU
solubilities in chloride salt
systems
reported,
the
Composition (niol%)
Temp.
Type
NaCl-ThCl4-PuCl3 system [3]
NzCI
PuCI,
ThCl,
rcj
is attractive. The lowest melting
Euiectic
58.5
330
18.5
23.0
Eutcclic
46.5
18.5
325
35.0
temperature of the system is
325°C for the composition
The section 2NaCl-ThCL-PuClj was found (O be binary with a minimum
46.5NaCl-l 8.5PuClr35.0ThCL,
lhai occurs ai 370°. 52%NaCl. 22%PuClj, 26%ThCl.,.
as shown in Fig. 2. To make a
preliminary
analysis
the
NaCl-PuCl3 system is adopted,
FIG. 2. Phase diagram of NaCl-PuCl3-ThCl<.
whose eutectic temperature is

453 °C for the composition 64NaCl -36PuCl3. The solubilities of MAs in the salt are not reported, though
Pu may be replaced by other actinides such as Np, Am, and Cm.
The parasitic neutron absorption cross section of the chlorine nuclide is not so large especially for fast
neutrons. The amount of sulphur produced by the neutron absorption reaction of chlorine in the molten salt
is estimated to be small enough and its effects on the target/blanket system will be ignored.
It is important for corrosion problems to be solved in the application of the molten salt technology to
nuclear systems. Corrosion by chloride is a serious problem. It has been found, however, that low carbon
steel may be usable as a structure material up to around 550°C, if water concentration in the salts can be
controlled at sufficiently low values.

B.2.1.2.2. AUoy target/fuel

The liquid TRU target/blanket system is composed of a liquid TRU alloy target, a graphite blanket,
and an upper plenum of molten fluoride salt. Eutectic alloys of Pu with Fe, Ni and Co make the melting
temperature as low as around 450°C as shown in the phase diagram of Fig. 3. In the study, Pu-Co-Ce alloys
[4] have been chosen as a fundamental alloy system and (15-45)Pu-25Co-(60-30)Ce is adopted for the
nuclear calculation. The chemical properties of Pu and Np are very close at high temperatures and y-Np
and e-Pu make a solid solution over a wide composition range. Accordingly, Pu in the alloy is considered
to be easily substituted by Np without a significant change in the melting temperature of the alloy. The
ratio of Pu to Np of 1 to 2.6 is adopted as the composition of the alloy. In this concept, transmutation of
long lived FP of Tc is attempted by substituting Co by Tc in the alloy. The preliminary study has been
performed on a target/fuel alloy with the composition (1 l-32.5)Np-(4-12.5)Pu-24Co-(60-30)Ce-Tc.
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FIG. 3.

Phase diagram ofPu-Co-Ce system.

The roles required of the secondary coolant in the system are heat removal from the liquid target alloy
and material transfer to maintain the liquid alloy temperature and composition constant during operation.
The TRU concentration in the secondary coolant has to be kept low enough from the safety point of view.
In this study, molten salt of the LiF-BeF2 system is selected for the secondary coolant. The solubility of
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Pu (PuF3) in Li2BeF4 has been measured to be about 0.5 atomic % at 600 °C.
B.2.1.3. REMOVAL OF FISSION PRODUCTS AND SPALLATION PRODUCTS
B.2.1.3.1. Molten salt target/fuel

In a target with an effective neutron multiplication factor of 0.92, more than ninety percent of MA is
transmuted by the fission reaction, and several percent by the spallation reaction. The transmutation
products in the molten salt are expected to be similar in composition to the FPs in fast reactors. The fission
reaction of the TRU chloride may produce free chlorine according to the following reaction,

MACU + n - 3C1 + FPs.

Considerable amounts of FPs and SPs may react with the free chlorine and become chlorides in the
molten-salt target/blanket. The major chlorides are shown in Table I arranged in order of the free energy
of formation. In the table other chlorides such as actinide chlorides and alkali chlorides are also listed.

TABLE I. CHLORIDE IN TARGET SALT
Chloride -

AGf

Chloride

-AGf

Chloride

-AGf(kcal/g.Cl)

BaCl2
KC1

83.4
81.4
81.2

AmCl3
CmCl3

60.4

CdCl2
FeCl2

30.4

PuCl3

58.5

81.0

MgCl2

57.7

NpCb
UC13
SnCl2
ZrCl2

RbCl
SrCl2

CsCl

80.0

SmCl2

80.0

LiCl

78.8

CaCl,

77.9

NaCl

75.7

LaCl3

67.0

PrCl3

66.3

CeCl3

66.3
64.2

NdCl3
YC13

58.8

26.6

TeCl2
MoCl2

8.0

54.1
51.8

TcCl3

7.0

RhCl

5.8

51.3

PdCl2

3.8

49.2

RuCl 3

1.4

17.1

61.2

Owing to the chloride formation energy the FPs are qualitatively divided into the following 3 groups:

Group 1: Inert gases and volatile chlorides.
Xe, Kr, I, TeCl4, ZrC12 (about 23% of total FP).
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Group 2:

Noble metals and transition metals (free energy of formation is smaller than that of Cd-chloride
in absolute value).

Nb, Te, Mo, Tc, Rh, Pd, Ru (about 33% of total FP).
Group 3: Alkaline earth metals, Lanthanides and Y (free energy of formation is large in absolute value).

Ba, Rb, Sr, Cs, Sm, La, Pr, Ce, Nd, Eu, Gd, Y (about 44% of total FP).
For group 1, the He gas purge method will be applicable. TeCl4, ZrC12 and I are also expected to be
purged away but the experiment has not been performed yet. For group 2, a reductive extraction method
with liquid Cd may be applicable. The noble metals extracted to Cd metal may be removed continuously
by a cold trapping. The elements in group 3 may immediately form stable chlorides after being produced
by transmutation reactions. These chlorides can not be reduced by Cd metal. The cold trapping method may
be applicable for group 3 elements, since the melting points of these chlorides are high enough to be
compared with the target salt matrix. The separation methods applicable to the FPs of these three groups
are listed in Table n. It is important in the FP removal from the target salt to remove the stable and
short-lived FPs without contamination from the long-lived nuclides. If the contamination is low enough,
the separated FPs may be easily disposed of.
TABLE H. SEPARATION METHODS FOR FISSION PRODUCTS

He Purge Method

Reductive Extraction Method

Cold Trap Method

(Group 1)
23%

(Group 2)
33%

(Group 3)
44%

Kr

0.7

Nb

0.1

Rb

0.6

Xe
Te(TeCl4)
I
Zr(ZrCl2)

13
1.8
1.0
7.3

Mo
Tc
Ru
Rh

11.3
2.3
8.7
2.5

Sr
Y
Cs
Ba

Pd
Ag

7.3
0.7

La
Ce

1.3
0.7
10.7
4.4
3.3
6.0
3.1
10
0.2
3.1
0.3
0.4

Pr

Nd
Pm
Sm
Eu
Gd
B.2.1.3.2. Liquid alloy target/fuel

Fission products produced in the liquid alloy target are partly transferred to the secondary molten-salt
coolant through direct contact between the liquid alloy and the molten salt according to the distribution
coefficients of each of the elements between the two liquids. Considering the distribution coefficients the
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following behavior and separation methods may be expected for the FPs.
(1) Gas species: Kr, Xe, T, I, volatile fluorides.
These elements are expected to move to the molten fluoride salt, and then the He purge method will
be applicable.

(2) Noble metals and transition metals: Ru, Rh, Pd, Ag, Nb, Mo, Tc, Ta, W.
These elements may mostly remain in the liquid alloy phase, and then the cold trapping method may
be applicable.

(3) Alkali and alkaline earth metals: Rb, Cs, Sr, Ba.

These elements may mostly move to the molten-salt phase, and remain in it.
(4) Lanthanides: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd

The behavior of the lanthanides is difficult to estimate in the liquid alloy target system. The free energy
of formation of the lanthanide fluorides is almost the same as those of the actinides or higher (in absolute
value) than the actinides.
B.2.1.4. SUMMARY

Conceptual design studies on accelerator-driven transmutation systems with molten-salt target/fuel and
liquid alloy target/fuel have been carried out at JAERI. In the design studies, molten salt and alloy
selections, nuclear calculations, and thermal hydraulics calculations have been performed. The
experimental studies on physical and chemical properties of the molten chloride salts are also underway.
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The structure of a molten Lead-bismuth target has been developed for proton beam power - 10 MW
(proton energy Ep=l .6 GeV, current 1=6 mA, beam diameter ~ 100 mm). The target design is illustrated

The target itself is a cylindrical steel tube with inner diameter
242 mm and 1 m in length, containing an axis-symmetric tube
with external diameter 204 mm. The coolant flows down the
inner tube, cooling the steel hemispherical 1.5 mm thickness
diaphragm on the guide, then flows up the circular gap between
the external and inner tubes and enters the heat exchangers cooled
with water. The circulation is achieved by electromechanical
pumps.
The exchangers (3 units) and the pumps (3 units) are placed
above the target in the same vessel.

The diaphragm (window) on the guide, in which the specific
energy release rate calculated by code MARS-10 is -1.5 kW/cm3
is the most stressed unit in the target structure.
Special constructions - coolant flow rate "dividers" have been
designed into the target to improve the window cooling and to
achieve a conformity in the coolant flow rate profile in
accordance with the energy release field.
The radiation damage stability of the window is a complicated
problem. According to assessments the diaphragm might have to
be replaced once every 3 months,

FIG L

pb.m targetdesign. y. beam

cha

The main heat engineering characteristics of the target circuit nnel, 2 - diaphragm, 3 - dividers of
and the equipment have been evaluated. The coolant flow rate is fl°w rate' 4 ' circulating alloy
-150 m3/hour, input temperature - 250°C, output temperature 400°C.
Assessment of Polonium activity in the target circuit was also made. The specific activity is about
several hundred curies per litre and is determined by 210Po.

As a result of analysis and calculations by engineering methods a preliminary structure of the target
without a wmdow was proposed for a beam power -100 MW. The target is a steel cylindrical vessel with
1m diameter and 1.2 m height where the guide tube with diameter 175 mm enters. The target design is
illustrated in Fig. 2. An axis symmetric inner tube is arranged in the vessel. The tube has diameter 320 mm
and its funnel widens in the guide direction up to diameter 550 mm. The length of the transition part is 500
mm. The coolant enters the funnel from a circular nozzle, flows down to heat exchangers and is then
pumped up along the circular area between the inner tube and the vessel. The coolant flow rate is 950 m3/h
input temperature - 250°C, output temperature - 500°C.
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Some preconceptual design of the target circuit has been made and the necessary equipment has been
considered.
One of the main difficulties
in the development of a target
without a window is adjustment
of the entrance geometry and
the circuit parameters to ensure
the coolant's continuous flow
Free jet
without vortexes and immobile
areas. This requires numerical
i
conic
and experimental simulation of
[ transition
the coolant hydrodynamics in
zone
the entrance area.
Cylinder zone
of forced
flow

The mock-up of the
entrance unit was designed and
manufactured
for
water
modelling of the coolant.
Preliminary experimental data
were obtained.

Yet another important
problem for a target without a
window is evaporation of the
coolant
and
radioactive
admixtures into the guide tube.
A theoretical analysis of
this problem has been made.
For this purpose data on
element vapour pressure and
the Langmuire-Knudsen law on
- - - - - - boundary of the free surface in experiment;
maximum evaporation rates
—————— - boundary of the funnel surface acceding to
into vacuum were used. The
calculation;
results of this analysis are
FIG. 2. a) Scheme of the experimental section; b) Forms of free presented in Table I.
surfaces for various designs of annular hole.

A program of experimental research was developed. An experimental mock-up was manufactured for
investigating the Lead-bismuth evaporation process in static conditions with use of a contact level gauge.
Preliminary experiments were carried out. It was found that evaporation of (Pb-Bi) coolant components
takes place mainly in the form of the intermetallic compounds PbxBi .

TABLE I. Calculated rates of evaporation of Pb, Bi and Po from their eutectic in g/cm2h
Temperature,

130

300

500

700

1000

Pb

1.7E-15

2.7E-8

6.9E-4

2.6E-1

5.7E+1

Bi

8.1E-12

4.1E-5

5.0E-1

1.3E+2

1.8E+4

Po

2.9E-14

1.9E-9

1.6E-6

8.6E-5

3.1E-3

•c
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The molecular mechanism of evaporation was
considered. The model of this vaporization is
presented in Fig. 3.
A preliminary analysis of the problems of
coolant quality maintenance was carried out for the
target circuit operation conditions. A number of the
elements accumulating in the target as spallation
products (W,Ta, Hf, Ba etc.) have much higher
oxygen affinity than Lead and Bismuth. This may
cause a decrease of oxygen concentration in the
coolant below the optimum value, which may
require implementation of special measures.
From the point of view of corrosion strength
stainless steels with chromium and nickel were
recommended as construction materials for the
target circuits.

?BXB,
Bi

?3
0

-'

0

igar
PB - Bi
- lead-.

O -

element

Electro-negativity (eV) according to Poling

bismuth:

Pb

Bi

Po

1.87

2.03

2.00

Po

PB Bi

0
0
PB - Bi - Po
0

- lead;

O ~ bismuth-.O - polonium;

FIG.3. The model of Lead-Bismuth melt vaporization
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B.2.3. PHYSICAL ASPECTS OF NEUTRON GENERATION IN THE TARGET OF AN
ACCELERATOR DRIVEN SYSTEM

V.P.Eismont, S.G.Yavshits
V.G.Khlopin Radium Institute, SL-Petersburg, Russian Federation

B.2.3.1. INTRODUCTION

The massive target of an accelerator-driven system serves as a powerful neutron source for the
irradiation of the subcritical reactor (blanket). The high-intensity neutron flux in the accelerator-driven
system is caused by an interaction of incident protons with target nuclei which has an essentially cascade
character at incident energies around 1 GeV. The primary proton knocks fast particles out from the nuclei
with average energy about 100 MeV, which in rum can cause the same reactions on other nuclei. The
residual nuclei have sufficiently high excitation energy to decay by particle emission or fission. If the
cascade stage breeds 4-5 neutrons per primary proton then the multiplicity of evaporated neutrons is about
15 particles but the average kinetic energy is about 2-3 MeV only. The target neutrons are used for feeding
the subcritical reactor. The residual nuclei in the target are mainly radioactive and they can decay by
emission of electrons and y-radiation. This leads to target activation and heat release after target irradiation.
The construction parts of an accelerator-driven system also also activated by the primary and cascade
particles. All of the processes mentioned are well-known in nuclear physics but their practical application
needs precise nuclear data on the characteristics of secondary particles and residual nuclei obtained as from
experiments and the theoretical simulation of processes inside the target. These data are necessary for a
rather wide range of nuclei, from light to heavy nuclei, and the large energy range which should cover the
region from the energy of the incident proton and down to energies in ten or hundred times lower. Some
of the results obtained in the V.G.Khlopin Radium Institute are presented here.
B.2.3.2. THE SPALLATION AND FRAGMENTATION CROSS-SECTIONS

Spallation and fragmentation are the main reaction channels of the intermediate energy hadron
interaction with middle and heavy nuclei. The cross-sections of radionuclide production in these reactions
were measured by means of the Y-spectrometry method for the chemically unseparated products in the case
of proton-induced reactions with energy 660 MeV (proton beams of the Joint Institute of Nuclear Research,
Dubna synchrocyclotron) on thin targets of Al, Ti, V, Fe, Co, Ni, Cu, Zn, Zr, Mo, Ag, and Sn and with
energy 1 GeV (St.-Petersburg Institute of Nuclear Physics synchrocyclotron) on targets of Al, Ti, Fe, Co,
Cu, and Au. In the each case from 10 to 50 residual nuclei production cross-sections were measured in the
both ground and isomeric states. Nuclear data on more than 400 reactions were obtained in these
experiments (see, e.g. [1]). The compilation of our data as well as data of other authors gives us possibility
to estimate the reaction excitation functions which can be used either directly or for the sake of model
testing. The analysis shows that for reactions where the mass loss is less then half of the target mass the
estimation accuracy is about 30 %. The discrepancy between experimental values and those obtained from
semiempirical systematic and model calculations is often more than the experimental error.
B.2.3.3. FISSION CROSS-SECTIONS

Nuclear fission is a very important reaction channel for heavy nuclei, especially in the case of
transactinide target nuclei. The relative fission cross-sections, Of(232Th)/o f(235U), and a
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were measured with accuracy 15-20 % for neutron-induced fission with neutrons energies 1-100 MeV from
the neutron spectrometer GNEYS (the St. -Petersburg Institute of Nuclear Physics) [2]. The absolute values
of fission cross-section for 238U and 209Bi for neutrons with energies 135 and 160 MeV were obtained at
the quasi-monochromatic neutron source of the TSL synchrocyclotron (Uppsala, Sweden) [3] with the
same accuracy. The same measurements of ^Pb fission cross-section are now in progress. The values of
all of these fission cross-section are also important because they serve as secondary standards in the case
of neutron flux measurements. Measurements on intermediate neutron energies are rather scarce due to the
lack of neutron sources, the difficulties of neutron flux definition and the low neutron intensities as
compared to those of proton beams.
More data were obtained on proton beams. With the proton beam of the Radium Institute synchrocyclotron (Ep=10-100 MeV) fission cross-sections for232™, »"»»«u, a7Np, "'Pu, and MMM3Am were
measured with an accuracy of 10-15 % [ 4,5]. The results obtained are presented in Fig.la-f in comparison
with the data from other work. For all nuclei the fission cross-sections increase rapidly near the coulomb
barrier, reach the maximum value at approximately 50 MeV proton beam energy and decrease for higher
energies. On the basis of the data presented the total fission probability F,= of /oin, where oin is the crosssection for inelastic scattering, was calculated using the known systematic for oin. The total fission
probability is shown in Fig.2a-f as a function of proton energy. An analysis of known data on fission crosssections and probabilities of fission induced by neutrons and y-quanta in the same target mass and
projectile energy region was also performed. It was found that for all cases that the total fission probability
increases with projectile energy and reaches saturation at some energy, as can be seen from Fig. 2a-f. The
value of the fission probability in the saturation region, TmK, can be expressed as a function of the fissility
parameter Z2 /A as follows:
r mM =l-exp[-1.44(Z 2 /A-34.0)].

The fission cross-sections of TJ, ^i, 206'207-208pb, and "7Au were measured with the proton beam of
the Institute of Theoretical and Experimental Physics (Moscow) synchrotron at energies 70, 100, 155, and
200 MeV as well as the fission cross-sections of 18lTa at 1 55 and 200 MeV and the cross-sections of Sm,
Sn, and Ag at 200 MeV [6]. The fission cross-sections of 235JMU, 232Th, ^i, """Pb, I97Au, 181Ta, Yb,
and Sm also were measured at the 1 GeV proton energy beam of the St.-Petersburg Institute of Nuclear
Physics synchrocyclotron [7].
These results are now used as the basis for the modem fission cross-section estimation for the number
of nuclei in the intermediate energy region.
B.2.3.4. YIELDS OF RESIDUAL NUCLEI AND NEUTRONS FOR THE MASSIVE TARGETS.

Residual nuclei inside the massive target and neutron radiation from the target arise as a result of
elementary interactions between particles and nuclei inside the target volume. The radionuclide yields as
well as their decay characteristics define the target activation and energy release which is converted into
heat. There are few experiments carried out on massive targets. The measurements of the radioactive
inventory due to irradiation of massive Pb cylinder with diameter 20 cm and height 60 cm by the 1 GeV
proton energy beam of the St.-Petersburg Institute of Nuclear Physics synchrocyclotron were performed
by the Radium Institute group [8]. The distribution of nuclide yields over the target radius and height has
been obtained and the evaluation of yields for 22 nuclides inside the target volume were performed with
an accuracy 20-40 %. Some results for radionuclide yields inside a massive Fe target irradiated by protons
of the same energy can be found in [9] and mesurements for Al and U targets are now in progress.
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The most important features of a neutron-generated target are the neutron multiplicities and the spatial
and energy distribution of neutrons escaping from the target. The energy spectra were measured on the

surface of the 20x60 cm Pb target irradiated by 1 GeV protons and the spectra stiffness and neutron flux
intensities were traced along the target axis [10]. A more detailed investigation of neutron flux from the
Pb target has been performed with the proton and deuteron beams of the Joint Institute of Nuclear Physics
syncrophasotron with energies 1-4 GeV [11]. The experiments have been carried out for the massive Pb
cylinders with dimensions 20x60 cm and 20x20 cm and a cube 8x8x8 cm and for a thin target (the
effective thickness was about 0.7 cm). The neutron yields from the 20x60 cm target are presented in Table
I
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TABLE.I EXPERIMENTAL NEUTRON YIELDS FROM A 20X60 CM PB TARGET

Proton energy , GeV

Neutron
energy range

all
>!MeV
> 20 MeV

Deuteron energy, GeV

0.991

2.00 3.65 1.032

25.1+3.0
16.3 ±2.1
2.1±0.3

44.2 ±3.1
27.5±2.0
4.7±0.4

80.7±6.9
49.9 ±4.5
8.6±1.0

1.98 3.75

24.9±5.0
13.9±2.8

58.5±8.2
31.3±4.7

98.9 ±14.0
56.6± 8.5

1.7+0.4

4.1±0.7

8.2 ±1.5

It was shown that 5 % of neutrons which have energies more than 50 MeV brings out the essential part
of incident energy increasing from 12 % at Einc = 1 GeV to 20 % at Einc = 3 GeV. The average neutron
energy increases from 8.8 MeV to 13.7 MeV when proton beam energy is changed from 1 GeV to 3.65
GeV. In the case of deuteron irradiation within the same energy range the mean neutron energy varies from
5.5 MeV to 9.4 MeV. The stiffness of neutron spectra increase for the smaller target and the fraction of
neutrons with energies up to 1 MeV decreases from 38 % for the 20x60 cm target to 17 % in the case of
the thin target at a proton beam energy near 2 GeV.
B.2.3.5.

THEORETICAL SIMULATION OF HADRON-NUCLEUS INTERACTIONS AT

INTERMEDIATE ENERGIES.

The description of hadron transport inside a massive target irradiated by intermediate-energy protons
and therefore the choice of optimal neutron source parameters needs detailed knowledge of elementary
interaction properties. There are two main reasons for the development of a theoretical set of nuclear data
on these properties. First, the proton-nucleus interaction models give us the possibility to obtain data where
they are still absent and (or) can not be extracted from experiments. The second reason is the possibility
to investigate the characteristics of secondary particles for different targets vs. beam energy in order to find
out the optimal combination from the point of view of neutron production, contents of residual radioactive
nuclides, and so on.
The theoretical description of neutron generation inside a massive target can be divided into parts. The
first is the simulation of hadron transport inside the target volume (intemuclear cascade) and the second
is the calculation of elementary (p,xn+yp) and (n,xn+yp) cross-sections as well as energy and angular
spectra of secondary particles arising as result of hadron-nucleus interactions (intranuclear cascade).
Monte-Carlo simulation of transport processes is a well-known method for the description of both interand intranuclear nucleon-nucleus interactions. The method was proposed in 1946 by M.Goldberger who
suggested considering the intranuclear cascade as a series of quasi-elastic collisions of the fast primary
particle with nucleons inside the nuclear volume. Now it is clear that such a algorithm is a numerical way
to find the solution of the transport equation. In [12] the connection between the microscopic quantum
theory of nuclear reactions and the intranuclear cascade model has been established and the physical and
mathematical foundations and approximations of ICM were analyzed. It was shown in this work that ICM
has at least the same degree of validity as, e.g. the optical model or disturbed wave approximation for target
nuclei with A > 10-20 and beam energies E > 15-20 MeV.
Codes for both the intra- and intemuclear cascade simulations were developed in the Radium Institute.
The code for hadron transport inside the massive target (SITHA code [13]) is based on the semiempirical
definition of the cross-sections for hadron-nucleus interactions and is intended for neutron transport
simulation and energy release calculations inside the massive complex samples irradiated by intermediateenergy beams. The comparison of SITHA calculations with experimental results has shown [11] that the
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distribution of neutron flux density at low energies is quite well described by the calculations but the highenergy part is underestimated.

Special efforts were made to improve the intranuclear cascade description (INTRA code) in the low
energy region as compared to the commonly used approach [14]. At proton energies up to 250 MeV the
effect of the nuclear potential should be taken into consideration. The consideration of trajectory refraction
only on the edge of a diffuse nuclear potential leads to a significant discrepancy with the observed data and
the reduction of final phase volumes due to nuclear centrifugal barriers has to be included. In the
intranuclear cascade algorithm this effect can be accounted for together with the Pauli principle by means
of the exclusion of forbidden states lying under the centrifugal barrier. Such a criteria increases the
effective free path length and allows us to reproduce the phenomenological values of the imaginary part
of the optical potential in a wide energy region and to apply the model in the low-energy region without
any cut-off energy. The comparison of calculated data on the absolute cross-section of l97Au (p,pn) reaction
with the experimental ones [14] is presented in Fig. 3.
The consideration of isobar production at
proton energies near 1 GeV also improves the
description of pion cross-sections and spectra as
compared to the approach [14]. The MonteCarlo algorithm was also used to consider the
.100
o o o o o exp.
evaporation stage of hadron-nucleus interaction
theor.
o
after fast particle escape where neutron, proton,
in
alpha-particle, and gamma emission were taken
into account in competition with the fission
k
O
channel.
The combined application of both codes
allows us in principle to calculate all necessary
ISO
200
250
30O
350
parameters of the massive neutron-generated
proton energy, MeV
target irradiated by a proton beam with an
FIG. 3. Excitation function of 197Au (p,pn) reaction
energy around 1 GeV.
A

B.2.3.6. CONCLUSIONS

The above discussion of some nuclear physics aspects of target processes in the accelerator-driven
system allows us to conclude that there are a number of experimental and calculated nuclear data necessary
for the choice of optimal target parameters. But this data set is still far from complete and it is necessary
to make additional experimental and theoretical efforts to obtain a detailed understanding of massive target
physics.
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B.2.4. PHYSICAL FEATURES OF TARGET AND BLANKET
Takahiko Nishida
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-11 Japan

B.2.4.1. TARGET

The target installed in the accelerator-driven transmutation system is directly irradiated by high energy
protons with an energy of several GeV. Many spallation reactions in heavy metal targets such as minor
actinides (MAs) occur with the emission of many neutrons. Almost all the spallation products have short
half-lives but the spallation reactions are of the energy consumption type except for the high energy fission
reaction. Results of our preliminary analysis showed that the target system based mainly on spallation
reactions can transmute about 100 kg MA per year, which corresponds to the amount of MA from 4 units
of 1 GWe LWR driven with a 1.5 GeV and 300 mA proton beam, but can not produce sufficient electricity
to operate its own accelerator. It is thought that this system is a very interesting option for a waste disposal
strategy in which a large weight is not given to energy balance.
To investigate the feasibility of an accelerator-driven transmutation system as an engineering system
with more transmutation of MA and self sustaining energy generation, we adopted the hybrid system of
an intense proton accelerator and a subcritical target/blanket fueled with MA. In this system, the spallation
target acts mainly as a supplier of source neutrons to the subcritical blanket surrounding it. There the
transmutation of MA by fission is major and the transmutation by spallation minor. The feasibility of an
active target composed of MA metal alloy was examined in the design studies. The analytical result

showed that the power peaking is generated around the target region due to ionization loss and fission
reactions occurred locally by proton beam irradiation. This phenomenon restricts the beam current to the
lower level to keep the target material temperature below the melting point. The existence of peak neutron
flux makes the average neutron flux relatively low over the core and reduces the total amount of
transmuted MA.
B.2.4.1.1. Nonactive target
In the solid target and solid fueled blanket system we used a nonactive target made of tungsten to avoid
the power peaking restriction by taking into account that the transmutation of tungsten by spallation
reactions is small and a tungsten target is a good neutron supplier. As a result the heat deposition in the
target becomes lower due only to ionization energy loss of incident protons without fast fission.
For the solid MA alloy fuel transmutation system, the optimization design study [1] on the target
structure was made to produce the largest number of spallation neutrons uniformly over the target surface
and to achieve the highest transmutation rate. Here the cascade code NMTC/JAERI [2, 3] was used in the
high energy range of 15 MeV to 1.5 GeV and the neutron transport code MORSE-DD in the energy range
below 15 MeV. In the original design, the solid tungsten target composed of pin-bundle type
subassernblies, like fuel subassemblies was chosen. The metal target subassembly should also be cooled
by sodium coolant flow similar to the fuel subassembly in the blanket. The coolant flow channel parallel
to the direction of the incident beam also provides the tunneling paths through which some of the incident
protons escape from the bottom to the outer region. Neutronic survey calculations on four types of
configuration: bulk, smear, disc and pin target configurations, were made to search for the optimum
structure of the tungsten target in the solid MA alloy fuel system. The nucleon and neutron transport
32

o

2
.o.
CM"

£
o

C.
O

—0—Q-

OJ

10 -60

80

40

120

Depth(cm)
F/C. 7. Vertical neutron flux, distributions for neutrons emitted from each type target surface.
calculations were made for cases where the uniform proton beam with 20 - 40 cm diameter is injected onto
these targets. The target, in which the volume ratio of tungsten to sodium is assumed to be 1, has
dimensions of 40 cm in diameter and 130 cm in height. The disk-type target gives the highest neutron yield
of these targets. Figure 1 shows the axial flux distributions of neutrons emitted from the target surface to
the blanket for three types of target beside the bulk case. In the modified disc
target the number of disc layers and their thicknesses were adjusted to make a
flat flux distribution . The thermal-hydraulics analyses on the disc type target
were carried out, changing the size of coolant channel on the disc type target.
Based on the thermal-hydraulic calculations, the disc has been designed to have
19 cooling holes with a diameter of 9 mm and a pitch of 15.4 mm, through
which the sodium coolant flows upwards, whilst keeping the temperature at the
hot spot in the target below the allowable temperature of 650°C. The target
configuration was specified to achieve the maximum neutron gain by
considering the results of both neutronics and thermal hydraulics calculations.
As illustrated schematically in Fig. 2, the optimized target (135 cm in height and
40 cm in diameter) contains 13 discs, which are composed of 6 thin discs with
a thickness of 1.5 cm and spacing of 5.1 cm and 7 thick discs with a thickness
of 13 cm and spacing of 1.1 cm. About 30 spallation neutrons per incident
proton are emitted from the target. Figure 3 represents the axial distribution of
heat generation in the target [4] and the target withstands the maximum heat
deposition generated by the proton beam with the allowable current of 68 mA.
In the proposed design of the target subassembly, the tungsten discs are fixed in
a wrapper tube. This is because the coolant pressure drop through the target
subassembly is higher than those through the pin-bundle type fuel subassemblies. FIG. 2. Target model
The pressure drop through the target subassembly is about 250 kPa at the composed of 13 disc
maximum coolant velocity of 8 m/s. The coolant flow can sufficiently remove layers with two different
the heat deposited in the discs. The coolant hole pattern of successive discs is a thicknesses.
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staggered arrangement so that the protons which pass a disc through the coolant holes should hit the next
disc. The target composed of stacked discs with different thicknesses is a better choice than a target with
pin-bundle type subassemblies, similar to those for fuel blankets because it reduces the proton loss due to
channeling as seen in Fig. 4.
The time evolution process of main residual nuclides was also calculated to estimate the activity
induced by products newly bom in the target during and after proton irradiation using the SPCHAIN code.
The calculated results showed that the residual's activities are negligibly small as shown in Fig. 5.
B.2.4.1.2. Active target

Heat deposition

In liquid target/blanket transmutation
systems such as those using molten salts and
liquid metal alloys as described in a later
section, there are no limitations for preventing
a melt down accident of blanket and target
due to local power peaking. MA
concentration in molten-salt fuel or liquid
metal alloy fuel is lower than in solid metal.
For these cases, the power peaking around the
irradiated zone is not a critical factor because
of the relaxed heat condition for liquid fuel.
So the high energy proton beam is injected
directly into the center of the MA fueled zone
where there is no target region with a definite
boundary, the so-called "distributed target".
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MA alloy) also forms the subcritical blanket and itself acts as a primary coolant which circulates through
the target/blanket and heat exchangers.There are many light nuclides such as Cl or Ce in the active fluid
targets in JAERI liquid transmutation systems. In the target region spallation reactions of MA and light
nuclei such as Cl or Ce, of which the molten salt or liquid metal alloy mainly consists, occur simultaneously
in addition to transmutation of MA. Cascade calculations of high energy hadron nuclear reaction in the light
nucleus and transport processes in the dilute fluid target need to be analyzed with high precision. The QMD
(Quantum Molecular Dynamics) code that is being developed at JAERI in collaboration with universities
will give a more accurate solution for the cascade process in the light nucleus medium in the near future.
B.2.4.2. BLANKET

According to the national research and development
program OMEGA, on partitioning and transmutation,
conceptual design studies of accelerator-driven
transmutation systems are being performed at JAERI for the
following three types:

Target Activity

(a) Tungsten target and solid MA alloy fueled blanket
system,
(b) MA molten-salt target/blanket system and
(c) Liquid MA alloy target and molten-salt blanket
system.
The solid MA alloy fueled system (a) is composed of a
tungsten target and solid type fuel subassemblies like metal
103
10°
10'
102
Time (year)
fueled fast reactors. Its R&D work is considered to be a
relatively short term project so that the technologies and
know-how about fast reactors already obtained can be
applied to perform the design study of this type of system. FIG 5' DePendence of activities of residual
The molten-salt system (b) and liquid alloy system (c) have nuclides in tar8et on cooling time.
a liquid fueled target/blanket without a solid target. These
are expected to be more promising systems with the possibility of on-line fuel reprocessing but containing
more problems that need to be resolved than the solid fuel one. Both systems have the active, subcritical
blanket region with hard neutron energy spectra The liquid alloy system (c) has a graphite moderator in
the blanket to transmute long-lived fission products (LLFPs) by using thermalized neutrons.

Here we discuss the nuclear characteristics including the neutron energy and neutron fluxes in these
accelerator-driven transmutation systems.

B.2.4.2.1. Neutron energies

The long-lived waste nuclides to be transmuted in the JAERI transmutation research program are MAs
( Np, 24lAm, 243Am, 243Cm, 244Cm, 245Cm) and LLFPs ("Tc, 129I) with half-lives between a few hundred
years and several million years. MA should be transmuted through fission reaction because the
transmutation of MA by neutron capture has the possibility of increasing higher actinides. Figure 6
represents the comparison of 237Np fission cross section and capture cross section data dependent on
neutron energy between the nuclear data libraries of JENDL3.2, ENDF/B-VI and JEF-2. Fissioning of MA
occurs dominantly in relation to neutron capture above the threshold energy of about 500 keV. JAERI
selected the transmutation method of MA by fast fission induced by a spallation neutron source despite
U7
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requmng the large initial MA inventory In the ATW project at LANL, MAs and LLFPs are transmuted
by thermalized spallation neutrons As illustrated in Fig 7 this method requires two or three neutrons per
one MA fission since MA must be converted at first to a fissionable actmide through one neutron capture
Its fission reaction after two thermal neutron absorptions occurs only with high thermal neutron flux of
about 1016 n/cm2/s This fact implies that neutron economy with fast fission is better than one with thermal
fission for transmutation of MA by fission. LLFP can be transmuted only through thermal neutron capture
to a stable nuchde as seen in Fig 8 because of the small capture cross section for fast neutrons For this
reason, the thermalized neutron region needs to be included around the fast subcntical target/blanket to
transmute MA and LLFP simultaneously in one system
Nuclear calculations in the
accelerator-driven transmutation
system must cover the wide
energy range from several eV to a
few GeV and calculate both high
energy reaction and neutron
transport process For the high
energy region above 15 MeV the
spallation reaction with many
reaction channels is dominant but
sufficient
experimental and
estimated nuclear data are not yet
available for high energy neutron
and charged particles At present,
the best way to analyze the high
energy process in the aocderator-dnven
transmutation system is to use the
cascade
codes,
such
as
NMTC/J AERI, HETC/KFA2, and
LAHET, based on the two-body
collision approximation model
JAERI are using the code
NMTC/JAERI (High Energy
Nuclear Reaction and NucleonMeson Transport Code) which
treats the proton-induced nuclear
spallation
and
subsequent
intemuclear transport process for
energies above 15 MeV and also
calculates high energy fission
reaction as a competing process
with evaporation Since most of
these codes include, however, the
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old calculation model and data Pjr * Comparison of fission and neutron capture cross sections for
about the nucleus, which were 237
p
installed before -1975, they
'
should be improved and upgraded by the newly developed nuclear theory and data based on recent high
energy experiments, respectively So, JAERI is performing benchmark calculations, taking part in the
OECD/NSC code benchmark task force work, and spallation integral experiments as basic studies relevant
to accelerator-driven transmutation
To evaluate the validity of the simulation code and upgrade it, JAERI is carrying out spallaoon integral
experiments at the National Laboratory for High Energy Physics (KEK) in Tsukuba [5, 6] The 500-MeV
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Np burning with fast and thermal neutron fluxes.

booster synchrotron facility at KEK is used for the experiments. A Lead/tungsten target was installed in
the center of a Lead assembly with a diameter of 600 mm and a length of 1000 mm. The activation samples
of Al, Fe, Ni, and Cu were distributed in holes drilled through the assembly along the beam axis at various
radial positions. The number of induced activities in the samples was obtained by measuring gamma rays
with 100-cc Ge detector. Some experimental results agreed fairly well with predictions obtained using
NMTC/JAERI. The double differential cross sections (DDX) of neutron emission in a thin Al sample
irradiated by 800 MeV protons
in the synchrotron facility at
n
KEK were also measured by the
RulOO
Ru101 —^- Ru102
time of flight method in
Stable
Stable
Stable
cooperation with the Kyushu
University,
the
Tohoku
X\
University,
and
KEK,
and
Tc99
n
TdOO
n Tc101
n TC102
——
(^
compared
with
calculations
by
16 sec
14m
4-5 sec
2x10 y
the code HETC. It was found
that the calculated results are in
relatively good agreement with
the experimental ones. The
detection efficiency and the
response function of the NE-213
Isotope
q (thermal)
a (fast)
scintillation counter for -65
MeV
neutrons were measured at
Tc99
20 barns
0.2 barns
the
cyclotron
in the JAERI
1129
0.2
Takasaki
Research
EstablishSr90
(0.1)
1
ment to improve the counting
0.25
(<0.f01?)
Cs137
efficiency for neutrons with
energies of tens of MeV.
FIG. 8. Transmutation ofLLFP using the thermal neutron flux.
Detailed experimental results are
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described in a companion paper
by Takada. The benchmark
studies on the mass distribution
of spallation products in thin and
thick targets of Np for 800 MeV
proton incidence and DDX of
neutron or proton emission in Zr,
induced by the 80 MeV proton
bombardment, were carried out to
verify and upgrade the accuracy
of the predictions computed by
the codes NMTC/JAERI and
NUCLEUS.
Neutronic calculations on the
transmutation system below 15
MeV are carried out using
transport codes, Sn code
TWOTRAN 2 or Monte Carlo
code MCNP, since they were
well prepared for analyzing the
neutron transport process in a
usual reactor. In the energy range
below about 20 MeV the nuclear
cross section libraries such as
ENDF/B-V and JENDL3.2 are
applicable to calculate the nuclear
characteristics
of
the
transmutation blanket. Figure 9
shows the code system ACCEL
for analyzing an acceleratordriven transmutation system at
JAERI. By using these codes we
calculated
the
nuclear
characteristics of three types of
transmutation systems in the
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whole energy range. The spectrum
of spallation neutrons evaporated
from an excited heavy nucleus
bombarded by high energy particles
is similar to the fission neutron
spectrum but shifts a little to higher
energy, as seen in Fig. 10 in which
the normalized neutron spectra for
various reactions are compared.
Information
about
spallation
neutrons with energies below 15
MeV is transferred from the cascade
code to the neutron transport code
as source neutron terms.
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FIG. 10. Normalized neutron spectra in various neutron sources.
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Figure 11 shows the calculated
neutron energy spectrum averaged
over the total target/blanket volume

in the MA metal fueled transmutadon system with injection of 1.5 GeV protons. Apparendy this curve
represents a hard neutron spectrum with about 20 % higher than 1 MeV and about 70 % component higher
than 0.1 MeV, which is useful to MA fast fission. The average neutron energy in this spectrum is 690 keV.
The two curves in Fig. 12 represent the neutron energy spectra in the target/blanket region filled witih
TRU chloride molten salt (NaCl-TRUCl3) and the peripheral region where primary cooling system
components (compact-type intermediate heat exchangers and molten-salt pumps) are installed. Both
regions are separated by an inner reflector to protect the heat exchangers and pumps against high neutron
flux. As seen from the figure, the neutron flux in the peripheral region is kept about two orders of
magnitude lower than the one in the target/blanket. In the design, the primary cooling system components
are located inside the target/blanket vessel to reduce the total inventory of MA molten salt.
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FIG. 11. Mean neutron energy spectrum of the FIG. 12. Mean neutron energy spectra in the
MA metal fuelled system.
molten-salt target/blanket region and the heat
exchanger region.

Figure 13 shows three neutron spectra in the target region filled with liquid metal alloy Np-Pu-Ce-CoTc, in the graphite moderated blanket region with channels through which liquid metal alloy and fluoride
molten salt flow concurrently upwards, and in the upper plenum region of the molten-salt coolant in the
liquid alloy system (c). A high neutron flux with a hard spectrum is distributed in the target region where
most of MAs are transmuted by fission.
The blanket region has a high neutron flux in the intermediate energy range and MA neutron capture
reactions occur more dominantly than in the target region. The molten-salt plenum above the target/blanket
has a relatively high thermal neutron flux and provides the region for LLFP transmutation.
B.2.4.2.2. Neutron flux
In this study the neutron flux in the transmutation system was implicitly estimated through the heat
deposition density distribution and MA transmutation rate (fast fission reaction rate) for each transmutation
system.

B.2.4.2.2. ]. Solid MA alloy fuel transmutation system [7, 8, 9]

The concept of the MA alloy fueled transmutation system with hard neutron spectrum, driven by an
intense proton accelerator, has been proposed. This system consists of a sodium-cooled subcritical blanket
with actinide fuel subassemblies and a spallation target of tungsten. The blanket is required to have an
effective neutron multiplication factor more than about 0.9 for improving the burnup rate of MA and total
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FIG. 13. Mean neutron energy spectra in the liquid alloy target, graphite blanket, and upper molten-salt
plenum.

energy balance. When driven by a 39-mA proton beam with an energy of 1.5 GeV, a system with a mean
blanket neutron flux of 4.6x1015 n/cm2/s can transmute about 250 kg of MA after one year in operation and
generate a thermal power of 820 MW, which is converted to an electric power of about 240 MW. This
electricity is sufficient to power its own accelerator. The power density distribution is shown in Fig. 14.
The maximum power densities are 930 MW/m3 in the blanket region and 400 MW/m3 in the target region.
The power distribution is considered to be a measure of the neutron flux distribution in the blanket region.
It is supposed that the neutron flux in the blanket around the target has become relatively flat without a
peak. The mean neutron flux can be increased with the nonactive target.
B.2.4.2.2.2. MA molten-salt transmutation system [10, 11]

The concept of an advanced MA molten-salt transmutation system has been studied to take advantage
of a simple fluid target/blanket for the transmutation system. This system has the target/blanket with a
height 170 cm and a radius of 105 cm and the stainless steel reflector with thicknesses of 20 - 40 cm,
including the internal heat exchanger. The MA chloride molten salt 64NaCl-36TRUCl3 with a melting
point of around 453 °C, was adopted as the fuel salt due to the high solubility of MA and a good nuclear
characteristics for a hard neutron spectrum. MA molten salt is circulated between the target/blanket region
and the heat exchangers by motor-driven mechanical pumps. MAs in the target/blanket region are
transmuted mainly through fast fission reactions and less through spallation reactions. The high energy
proton beam is injected vertically downward directly onto the molten salt which acts as the fuel and the
spallation target material and serves also as the primary coolant. The fluoride molten salt NaBF3-NaF is
selected as the secondary coolant. The target/blanket with an effective neutron multiplication factor of 0.92
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can transmute 250 kg of MA per year with a 1.5 GeV-25 mA proton beam, and produces 240 MW of
electricity sufficient to power its own accelerator. The power density distribution in the target/blanket
region is shown in Fig. 15. The maximum power density is 1,660 MW/m3 at 25 mA.
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FIG. 14. Power density distribution in the target/blanket of the MA metal fuelled system.

The molten-salt transmutation system is expected to have the possibility of removing FPs from the
system and controlling the MA in the system by the on-line processing.
B.2.4.2.2.3. Liquid MA alloy target transmutation system [12]

The preliminary neutronic calculations for the liquid alloy transmutation system have been started to
examine the possibility of simultaneous transmutation of both MAs and LLFPs. A TRU alloy of Np-PuCo-Ce-Tc with melting point of around 450°C was selected as the target liquid which circulates through
the channels in the graphite moderator and transfers the heat and reaction products to the secondary coolant
of fluoride molten salt. A target/blanket with an effective neutron multiplication factor of 0.9 can transmute
70 kg of MA per year with 1.5 GeV-16 mA proton beam and the thermal power is 450 MW. The
performance parameters of the Liquid alloy system are summarized in Table I. The advantages of the liquid
alloy system are small MA inventory, high transmutation rate and the simultaneous transmutation of MAs
and LLFPs, together with the possibility of on-line charging of MA and removal of reaction products.
To examine the actinide burning performance of each transmutation system, the one group cross section
library and the bumup code COMRAD has been prepared. The accelerator-driven transmutation plant
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designing code system SPACE has been extended to calculate the burnup and transmutation characteristics
of the accelerator-driven MA alloy fuel transmutation system. The one group cross section libraries needed
for MAs and other nuclides in the burnup calculation have been produced by degenerating the 295 groups
JSSTDL cross section libraries with the neutron spectra computed by the one-dimensional transport code
ANISN. The new version of the burnup code COMRAD was prepared to speed up the computation. A
preliminary burnup calculation was made for the proposed MA alloy fuel transmutation system.
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FIG. 15. Power density distribution in the target/blanket of the MA molten-salt
system (1 mA proton beam).
TABLE I. MAJOR PARAMETERS FOR LIQUID ALLOY SYSTEM
Fuel

Liquid Metal Alloy
12.5Np-4.8Pu-24Co-57.7Ce-Tc

Burnup

Liquid Metal Alloy
Fluoride Molten Salt
890kg
0.9
46.3 n/p
1.5GeV-15mA
450 MW
141 kg/a (15.8 %/y)

Temperature, Target Inlet/Outlet

1050/1250 °C

Target

Secondary Coolant
Actinide Inventory
Multiplication Factor
Spallation Neutrons
Proton Beam
Thermal Power
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B.2.5. THE CONCEPT OF A HEAVY WATER - PB GRAINS FLUIDIZED BED NEUTRON
GENERATING TARGET

V.R.Mladov, M.L.Okhlopkov, V.D.Kazaritsky, V.F.Batyaev, P.P.Blagovolin,
V.V.Seliverstov

N.V.Stepanov,

Institute for Theoretical and Experimental Physics, Moscow, Russian Federation

B.2.5 1. INTRODUCTION

The results of preliminary design, neutronic, thermal and hydraulic calculations of the target parameters
are presented in this paper. The target is suggested on the basis of the following initial data, listed in Tables
I and II.

TABLE I. BEAM DATA FOR PROTON LINEAR ACCELERATOR.
Energy, MeV
Current, mA
Beam diameter at the target entrance, mm

1000
100
200

TABLE n. BLANKET DATA

Thermal power, MW
Moderator
Moderator pressure, MPa
Moderator temperature,°C
Coolant
Coolant pressure, MPa
Coolant outlet temperature, °C
Fluid fuel
Maximum temperature of fuel, "C

2000
Heavy water
0.1
less than 100

Heavy water
10
250
Heavy water + Minor actinides + Pu
300

The present paper deals with the development of the target as a source of neutrons for the heavy water
blanket of an accelerator driven plant. We propose to use a fluidized bed of spherical Lead grains in a
heavy water flow. Preference is given to this concept of the target since it provides the possibility:
1) to create a target, containing materials with low neutron absorption;
2) to remove a reasonably large amount of the heat;

3) to remove the target from service reasonably quickly in case of accidents;
4) to combine the target technology with the heavy water technology of the blanket moderator;
5) to realize a reasonably handy scheme for replacement of Lead spheres by applying hydrotransportation;

6) to facilitate the complete process from production to the final disposal of the Lead spheres.
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B.2.5.2. THE CONCEPT OF THE TARGET SCHEME

The basic design of the target is shown on Fig. 1. The heart of the target is a fluidized bed of Lead
spheres in a heavy water flow, which circulates from bottom to top in a tube, isolating the target from the
blanket moderator. The diameter and height of the fluidized bed are 500 mm and 2500 mm respectively,
regardless of the fluidized bed porosity. The top line of the fluidized bed is located at a depth of 1000 mm
from the top line of the blanket core. At the bottom of the target a Lead spheres receiver, a beam stop and
a heat exchanger are located.

Target x al=

\X\\\\\1
FIG. 1. Cros section of the heavy-water cooled target. 1 - proton beam channel with
window, 2 -fluidized bed target (core), 3 - inner reflector, 4 - Pb-shot receiver tank
and beam stop.
45

The proton beam finds its way into the target from above through a conical window, plunged into the
fluidized bed. Non-neutron poisonous alloys are selected as structural materials for the target (compositions
based on Aluminum and (or) Zirconium). Outside the blanket, stainless steel may be used.
B.2.5.3. THE HEAT REMOVAL

Fig. 2 shows a concept of heat removal from the blanket. The heavy water flow arrives from a pump
at the bottom heat exchanger to the receiver and through a pipeline to the working zone of the target. The
flow then passes to the top part of the moderator tank and the jet pump, is mixed with the moderator flow
and goes to the basic heat exchanger, from which it goes to the bottom part of the tank. The jet pump,
working from the excess pressure of the pump, assists the natural circulation of the blanket moderator. Two
heat exchangers are needed to balance the parameters of the moderator and the target coolant.
/ J-

B.2.5.4. RESULTS OF NEUTRON
YIELD
AND
THERMOHYDRAULIC CALCULATIONS.

Calculations of neutron yield
and energy deposition distributions,
caused by a 1.0 GeV proton beam,
were performed by two different
Monte Carlo codes HETC [1] and
PHOENIX [2] for various Pbvolume compositions of a target
with 50 cm diameter and 200 cm
height.

-10

The proton beam was simulated
as uniformly distributed within a
radius of 10 cm. The results of the
calculations by both codes are
satisfactorily similar as far as the
main
target
functions
are
concerned: neutron yield, total
energy
deposition
and its
longitudinal
distribution.
Longitudinal energy deposition,
calculated by the PHOENIX code,
is
adopted
for
further
thermodynamics
calculations,
because its values are greater than
ones computed by the HETC code
(approximately by 3%).

FIG. 2. Principal scheme of the target and moderator cooling. 1 A flat top side (surface) to the
proton beam channel, 2 - fluidized bed target, 3 - internal heavytarget was assumed at the current
water refelector, 4 - heavy water blanket, 5 - jet pump, 6 - heat
stage calculations. In fact the target
exchanger for moderator and target cooling, 7 - pump, 8 - beam
window should be made as a cone,
stop, 9 - Pb-shot receiver, 10 - the target heat exchanger

which is sunk into the pseudoliquid target for providing more efficient heat removal from the window. Such a window may be taken
into account at the next stage of calculations of heat and neutron production distributions. The proton
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beam, which is not distributed uniformly but by Gauss' law, should also be taken into account.
The number of neutrons that escape to the blanket is an important target quality. This quality is defined
as the number of neutrons, that were produced by the initial proton, multiplied by a probability that the
neutron reaches the target surface. The longitudinal distribution of neutrons, transmitted from the target
to blanket, is another target quality. Results of the initial calculations of total neutron losses as a function
of the porosity of the fluidized bed show that the longitudinal distribution of neutrons entering the blanket
may be spread out. Though the neutron-to-proton efficiency of the proposed target goes down (about twice
from 100% to 50% Pb-volume), the number of neutrons absorbed by construction materials is low.
Results of the tentative thermohydraulic calculations give the flow rate as a function of the diameters
and porosity of the Lead spheres, as well as the dependence of the removed thermal power versus the Lead
spheres diameter with the varied values of the porosity and flow pressure. The dependencies obtained are
illustrated on Fig. 3. It can be seen that

- the porosity and flow pressure markedly
affect the removed thermal power;

- for every value of the porosity there exists an
optimum diameter of Lead spheres.
B.2.5.5. CONCLUSION

It is suggested that a heavy water-Pb grains
fluidized bed be used as a neutron generating
target. The preliminary design investigations,
based on neutron yield and thermal hydraulic
calculations, revealed that there is a possibility of
a wide range of parameters to realize a fluidized
bed target as an intensive neutron source of an
accelerator driven subcritical nuclear reactor.
It should be noted that the proposed target
provides for removal from service and
replacement of the Lead spheres. This is an
essential feature of the target for providing nuclear
safety. The removed thermal power may be
C/.ftM
elevated as compared to the proposed design, if
the directions of the proton beam and the heavy FIG 3 Output power (MWJ dependence on sphere
water How are the same. Besides the non uniform diameter, Pb-volume of fluidized bed and output water
porosity throughout the target height may be used pressure in MPa,
e - Pb-volume in the target, P - water
to improve the efficiency of the neutron source, pressure
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B.2.6.1. INTRODUCTION

A conceptual design of a heavy water blanket with circulating fuel is described. Radiation safety for
a reactor with fluid fuel is provided by the same means as in traditional nuclear power, namely by security
in depth and control. As compared with fixed fuel reactors, the radiation situation in the suggested system
can be improved, for, on the one hand, activity of the fission products is reduced through the continuous
removal of the irradiated fuel for reprocessing, and, on the other hand, there is no need to open the reactor
for reloading.
A design of a heavy water blanket with circulating fuel has been proposed in ITEP [1]. A lattice of
power channels is placed inside a cold heavy water tank under about normal pressure. The channels made
of proven Zr-Nb alloy isolate the fuel from the moderator and keep it constantly exposed to irradiation.
Inside each channel there are two loops: a fuel loop (solution or slurry in heavy water) and a loop of
pressurized heavy water coolant. The latter cools the fuel, circulating in the channel, while the fuel is
continuously fed and removed in small portions for chemical reprocessing. After reprocessing the actinides
come back to the fuel loop, while the remainder is fractionated and further sent for transmutation or storage
and burial.
B.2.6.2. GENERAL CHARACTERISTICS OF THE FACILITY

The hybrid system consists of a high-current linear accelerator of protons and 4 targets, each placed
inside a subcritical blanket. The plan view of target-blanket and its cross section are presented in Fig. 1
and 2. The accelerator current is 100 mA, the proton energy is 1 GeV and its power is 100 MW. The RFto-beam conversion ratio is 40-50%.
Control magnets split the beam up into 4 separate beams, each of 25 mA current. After passing through
defocusing magnets the beam of 30 cm in diameter goes through a diaphragm (window), isolating the
accelerator vacuum from the target space, and strikes a 50 cm diameter target. The thermal power of such
a separate beam is about 15 MW. The target consists of coated Pb elements or Pb grains cooled by heavy
water flow. The Pb- heavy water volume ratio is 50%. The target, encased in a Zr tube, is surrounded by
an inner reflector, made up of pure heavy water 70 cm thick. This heavy water layer is isolated from the
blanket by a Zr cylinder wall. Control rods could be inserted into the inner reflector, and in a emergency
some neutron poison for example, boric acid could be quickly released into the reflector water.
The subcritical blanket consists of a regular lattice of channels (modules), arranged with a step of 30
cm. The module design is shown in Fig. 3. The channel is constructed from Zr material. Heavy water
coolant is pumped through an outer heat exchanger. Fluid fuel circulates inside the channel. The fuel is
discharged in small portions for chemical reprocessing. Fresh fuel feeding and spent fuel discharge take
place incessantly. The circulating fuel is either a heavy water solution of Pu, MA and fission products (FP)
salts or their slurry.
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The power of the channel, which is put under maximum load, is 5 MW. The depth of the active part

of the channel is 4 m. The power of a channel in the blanket is on average about 3 MW (variation is 1.6).
The blanket unit contains about 160 channels, the facility total being 640 channels.
The blanket is surrounded on an outer reflector. The subcriticality of the blanket is close to 5%. The
thermal power is 500 MW (for the whole plant 2000 MW). Due to its heat-to-electricity conversion rate,
close to 20%, the electric power of the whole plant will be 400 MW. An average thermal neutron flux in

the blanket is expected to be about 3.* 1014 n/ cm2 s.

B.2.6.3. GENERAL PRINCIPLES OF
THE SUGGESTED FLUID FUEL
MODULE

The suggested fluid fuel module (
FFM ) is a unit of the blanket assembly
of the accelerator driven nuclear plant
containing circulating fluid fuel within
the blanket core. Water solutions of salts

or water slurry of oxides could be used as
fluid fuel. The proposed design of the
fluid fuel module is illustrated in Fig. 3.
The conceptual design scheme of
FFM is as follows: the circuit of FFM
contains a centra] 1.5 mm thick lifting
tube of 83 mm in diameter (CLT) and 90
outlying 0.5 mm thick lowering tubes of
11 mm in diameter each ( OLT ). The
OLT are joined with the CLT and
arranged as a stringer with lattice spacing

13 mm. The forced circulation of the fluid
fuel is realized by a centrifugal pump
placed in the lower part of the CLT and

driven by a hydraulic turbine, which uses
-100

the energy of a fluid fuel coolant. The
FFM active zone is 4.0 m in height, the
external diameter of the coolant channel is
165 mm.

FIG. I. Vertical cross-section of the accelerator driven
The FFM is installed into an assembly
heavy-water facility. The numbers show the approximate
heights and diamaters in meters. The line A-A shows a cross channel, which is a component of the
blanket structure.
section presented in Fig. 2

The design scheme of the FFM also provides :
continuous withdrawal of the irradiated fuel,

compensation of the fluid fuel volume by changes of the temperature,
support of the pressure drop between the coolant and the fluid fuel within hydraulic losses of the
coolant,

guide grids of the heat-exchange tubes.
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The initial data for developing the blanket design are determined by the following factors:
heavy water is the coolant and the fluid fuel carrier,
production of electrical power for feeding the Linac.
A -

I x^T — — ~T ~~ —

FIG. 2. Cross section of the facility. 1 steam generator, 2 - heat exchanger, 3 channel for inlet-outlet of fuel regeneration

On the basis of the literature on the
subject and the preliminary calculatons of the
design characteristics of the FFM, the
following starting conditions are accepted:
maximum temperature of the fluid
fuel - 300 ;
pressure - 10 MPa.
These conditions can provide:

-

good enough characteristics for the
power circuit of the plant (see an
illustration of the suggested scheme FIG 3 Vertical cross section of the fluid fuel element. I on Fig. 4) ;
fluid fuel circuit, 2 - coolant inlet, 3 - coolant outlet, 4 -flow
practically complete suppression of guider, 5 - turbo-drive, 6 - pump, 7 - feed Met, 8 - fuel
i.he radiolytic gas release in the fluid regeneration outlet
fuel under normal operating
conditions, moderate content of bivalent cuprous ions in fluid fuel (0.8 g/dm3 and accordingly
Sc<0.29-10-4cm-');
use of the Zirconium alloys such as H-l and H-2 as construction materials;
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reasonable corrosion velocity (to 0.0107 mm\a by 280-300°C);

good erosion resistance of the materials in the slurry with a flow velocity up to 6 m\sec.
Preliminary module design calculations show that the accepted above-mentioned parameters of the
fluid fuel can be realized under the module parameters listed in Table I.

FIG. 4. Schematic thermodynamical layout of the facility. 1- target-blanket, 2 - steam generator, 3 - high
pressure cylinder of the turbine, 4 - low pressure cylinder of the turbine, 5- electro-generator, 6 condenser, 7 - condensation pump, 8 - condensation cooler, 9 - low pressure heater, 10 - heat exchanger
of the moderator, 11 - deairator, 12 - water feeding pump, 13 - the first loop circulator, 14 -steam
overheater, 15 - heat exchanger of coolant, 16 - water-water heat exchanger ocf coolant, 17 - water-air
heat exchanger of coolant, 18 - reservoir of the emergency cooling, 19 - moderator cooling, 20 comensator, 21 - target coolant circulator
TABLE I. PARAMETERS OF FLUID FUEL MODULE.
Thermal output, MW
Fuel circulation rate, kg/s

5
10

Coolant circulation rate, kg/s
Fuel velocity, m/s
Coolant velocity, m/s
Fuel temperature (av), °C
Coolant:
outlet temperature, °C
average temperature, °C

35
2
6
285
250
230
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Tentative estimates of parameters of the power circuit are shown in Table II. Figure 2 shows relative
positions of steam generators and heat exchangers.
TABLE H. STEAM GENERATION SPECIFICATIONS
Steam temperature, °C

200

Feed-water temperature, °C
Steam pressure, MPa
Rankin's cycle thermal efficiency, %
Efficiency of the power plant, %

100
1.6
22.6
17.3

B.2.6.4 FUEL CYCLES
Two fuel cycles are considered: 1) military Pu and MA are loaded, only fission products (FP) are
discharged (Cycle 1); 2) the same load, Pu of a worsened isotope composition is discharged additionally
to FP (Cycle 2). In the blanket Pu, MA and FP are considered to be in equilibrium. With the given power
of the facility equilibrium concentrations are maintained in stable working order with the choice of rates
of feeding and discharge. Performance data for two fuel cycles are presented in Table in.
TABLE III.

PERFORMANCE DATA FOR TWO CYCLES OF PU CONVERSION AND MA
TRANSMUTATION.
Cycle 1

Cycle 2

Pu load, kg/a
Pu withdrawal, kg/a
MA load, kg/a
FP discharge, kg/a

400

750

0
200

500
350

600

600

Core inventory of Pu and MA, t

4

2.9

It is assumed that the Pu in the load is Pu-239(100%). The composition of MA being loaded is 241 Am
(47.47%), 237Np(41.81%), 242mAm(0.09%), 243Am(8.57%), 244Cm(1.67%), 245Cm(0.09%). The equilibrium
concentrations of Pu and MA mixtures in fluid fuel, which are obtained, are 125 g/1 for Cycle 1 and 91.5
g/1 for Cycle 2. The isotope composition of Pu is estimated to be as follows: B8Pu(27%), 239Pu(39,4%),
240
Pu (20%),241Pu(5.8%), 242Pu(7.8%).
It can be seen that in Cycle 2 the MA incineration rate to be achieved in the facility is approximately
doubled due to a failure of complete Pu bum-down. The equilibrium compositions obtained are presented
in Table IV. For Pu isolation in Cycle 2 the rate of chemical reprocessing needed, should be 46 I/day.
B.2.6.5. CONCLUSION

The suggested hybrid system offers a chance to fulfill safe and efficient incineration of all built Pu and
MA stock. Resources of the facility performance can be considered by a wide variation of the loadwithdrawal rate as well as the concentration of Pu and MA in the fluid fuel. Additionally, disposal of Cm
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to interim storage and its return back to the blanket in 2 years' time are expected to be promising.

TABLE IV. EQUILIBRIUM ISOTOPE COMPOSITIONS (g/1) IN BLANKET CORE.
Element
Np
Np
Pu
Pu
Pu
Pu
Pu
Am
Am
Am

Atom number
237
238
238
239
240
241
242

Cycle 1 (g/1)

241

242m
242

9.33
0.41E-1

Cycle 2 (g/1)
17.15
0.76E-1

9.48
9.77

8.28
12.09

10.78

3.45

6.13
1.81

25.5

2.42

3.075
0.33E-1

5.58

0.14E-1

0.61E-1
0.25E-1

7.99
0.41E-3

4.15
0.23E-3

Am
Am

243

Cm

242

2.61

4.80

Cm

243

0.42

Cm
Cm
Cm
Cm
Cm

244

0.223
23.54

244

0.90
14.68
1.08
2.77

245
246
247
248

15.57

0.61
9.57
0.72
1.86
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B.2.7. CHEMICAL TECHNOLOGY OF THE SYSTEMS, PARTITIONING AND SEPARATION,
DISPOSAL
V.I. Volk

Institute of Inorganic Materials, Moscow, Russian Federation

B.2.7.1. ASSESSMENT OF INSTALLATION STRUCTURE "REACTOR - ACCELERATOR
REPROCESSING COMPLEX"

The general outline of the reprocessing complex is shown in Fig. 1. The complex comprises an
electronuclear transmutation installation and chemical and technological support units, the function of
which is maintenance of the steady-state of the blanket, separation of short-lived transmutation products
to be disposed of from other components of the blanket, chemical conversion to relevant stable species
of products to be disposed of for interim storage and disposal.
The objectives can be resolved as follows.
Pu that is fed to the complex from external
sources is subjected to conditioning which
involves formation of chemical species acceptable
for membrane-extraction transport (e.g., Pu (IV)
or Pu (III) nitrate solution not containing excess
acid).

Minor actinides (MA) that arrive for
transmutation from external sources need the same
conditioning. In this case the MA flow can also
contain Pu.
Pu(MA) MA(Pu)
The conditioned flows enter the feeding and
discharging unit of the blanket that comprises
two stages, namely, those of feeding and
discharging (Fig. 2.). Each stage is equipped with f/G / General outline of reprocessing complex.
a membrane-extraction unit and necessary ;. ELNU, 2 - out-reactor portion of heavy water
auxiliary equipment.
blanket, 3- unit for blanket feeding and discharging,
At (he blanket feed stage the membrane- 4,5 - unit for Pu and minor actinides conditioning to
extraction transport unit operates at a giving be supplied to feeding and discharging unit, 6 off/receiving flow ratio much less than 1 and at partitioning unit, 7 - unit for short lived transmutation
higher Pu and MA concentrations in the feeding product conditioning for disposal, 8 - disposal of
solution. The joint impact of the two factors short-lived transmutation products
defines the direction of Pu and MA transport to
the blanket. Evaporation of the feeding solution is feasible as the simplest way of reducing the flow amount
and proportionally increasing concentration.

At the blanket discharge stage the membrane-extraction transport unit also operates at a relatively high
flow of the receiving solution. The receiving flow is a by-pass flow of protium water sent to the
partitioning unit.

A need for short-term cooling of the blanket flow prior to its entering the feeding and discharging unit
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is not excluded. It is also possible to use the spent giving off flow from the discharge stage as a receiving
flow at the blanket feed stage.
The aqueous flow from the discharge stage, containing practically all the components of the blanket
flow (the membrane-extraction transport block of the discharge stage accomplishes non-selective transport
of the elements), arrives at the partitioning unit. The function of the latter is to remove Pu and MA from
the fraction of short-lived transmutation products, i.e., to shape a flow of radionuclides for supervised
storage and subsequent disposal.

A

1

7
L
2

FIG. 2. Schematics of blanket feeding and discharging unit:
1 - out-of- reactor portion of blanket; 2 - by-pass lines of feeding unit; 3 - by-pass lines of discharging
unit; 4 - evaporation of feeding flow; 5 - cooling of discharge flow; 6 - flow for partitioning

Pu and MA are brought back to the heavy water blanket through one of the conditioning units. The
conditioning is accomplished together with those flows of Pu and MA that arrive at the complex from an
external source, that is, together with the feeding flows.
The purified flow of short-lived transmutation products arrives at the waste chemical reprocessing unit,
the function of which is to convert short-lived nuclides to chemically stable species and to incorporate them
into special matrix materials having a high resistance to leaching and the necessary thermophysical and
mechanical characteristics.
Waste chemical reprocessing comprises pre-conditioning (mixing) and evaporation of solutions, their
concentration in a direct flow evaporator (DE) or calcination in a spray dryer (SD) and solidification of
concentrates or calcinates in an induction melter having a cold crucible (IMCC).
Depending on the location of the complex in relation to a radiochemical spent fuel reprocessing plant
a flow of short-lived fission products (SFP) can arrive at waste reprocessing operations from an external
source.
The high initial heat release by solidified composite species containing short-lived nuclides demands
a preliminary supervised storage with a forced transfer of heat. This storage could be realized on the basis
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of the technical solutions used at "Mayak" and related to the interim storage of vitrified high activity level
waste (Fig. 3.).

FIG. 3. Forced cooled storage facility. 1- blowers; 2 -shutters and filtration station; 3 - crane; 4 dismantable floor; 5 - reinforced concrete wells for cans; 6,7 - air channels; 8 - air intake; 9 - vent pipe

B.2.7.2. EVALUATION OF INITIAL CHEMISTRY AND TECHNOLOGY REQUIREMENTS FOR
EXTENT OF COMPONENT EXTRACTION

Components are extracted in the blanket feeding and discharging and partitioning units.

In the former unit (feeding and discharging) the intensity of removal from feeding solutions is only
defined by technical and economical practicability. The necessary quantities of transmuted elements should
be fed in the best way to the blanket feeding unit with an optional intensity of removal from the feeding
solution. In the discharging unit the process is reversed for the intermediate and final products of
transmutation.

Thus, the intensity of the removal of the elements at the stages indicated controls an additional
parameter - the stable state of the blanket. Residual (not extracted) amounts of products circulate in the
reprocessing complex as uncompleted products (UP), and the structure of the complex is optimized by the
ratio between expenditures for complete extraction and UP amount.
In the latter unit the depth of extraction of the not transmuted Pu and MA from the flow of short-lived
transmutation species that in the end are to be disposed, is governed by the radioecology requirements of
a material which is in contact with the environment for an infinitely long period of time.
An analysis of the technical potentialities of the available and prospective technologies as well as
protective properties of matrix materials already known and those under development produces the
following requirements. The depth of long-lived alfa-emitter (Pu, MA) extraction has to meet the
requirement that the activity ratio of long-lived active materials Ci, to short-lived ones Cish in a material
to be disposed of is not higher than 5xlO"2, with the prospective improvement of Ci/Cish to IxlO" 2 .
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B.2.7.3. ANALYSIS OF TRANSMUTATION PRODUCT COMPOSITION AND FEASIBLE
METHODS OF IMMOBILIZATION OF RADIONUCLIDES TO BE TEMPORARILY STORED

The structure of the reprocessing complex provides chemical co-reprocessing and conditioning disposal
of short-lived fission products from an external source and short-lived transmutation products. The full set
of transmutation products has to be identified after defining the optimized steady-state of the blanket.
However, even now one can be guided by specific constituents of the products to be disposed of (also
including fission products of co-reprocessing), namely, isotopes of Cs, Sr, Sb, Te, Zr, Mo and rare-earth
elements.
To immobilize radionuclides matrix materials are needed that comply with the rigid requirements for
the following parameters:
chemical stability, determined from the rate of the radionuclide leaching with natural water, to be
not more than 10"* g/cm2 /day of l37Cs, "'Sr and not more than 10'7 g/cm2/day of 239Pu;
radiation and thermal stability, determined from the invariability of material properties under the
action of high irradiation doses and temperature (10+1° rad under P and v-radiation at temperature
higher than 559 °C);
mechanical strength, Young modules not less than 5.4 xlO*7 N/m2 and compressive strength (0.91.3)xlO +7 N/m 2 ;
thermophysical characteristics, namely, heat conductivity 1-2 W/m/K and linear expansion
coefficient not more than 9x10"* °C"'.
These requirements are best met by matrices which are mineral-like systems of the ferrosilicate type,
formed by (% mass) Fe,O3 - 40; CaO - 10; SiO2 - 50.
In materials of this type isomorphic substitution is feasible: calcium by alkaline and alkaline earth
nuclides, iron by nuclides of+3 and +4 valencies.
The level of possible incorporation of radionuclides in a matrix material of this kind is about 10" Ci/1
of p and y - nuclides and about 1 Ci/1 of alfa- nuclides which represents the initial heat release of about
30 kW/m 3 .

The supervised storage continues until the heat release is reduced to 1.0-1.5 kW/m3. After that the
radionuclides, immobilized in a matrix material, are to be placed in an additional protection can and
disposed of.

57

B.3. FUEL AND FUEL CYCLES
Any type of reactor can be arranged to be in a subcritical state. As shown in section B.I. Fig. 1
different fuel and fuel cycle concepts have been investigated. Los Alamos National Laboratory abandoned
its earlier design based on slurry-type fuel suspended in the heavy water moderator (CANDU-reactor
technology) and has developed a concept based on molten fluoride fuels in the thermal neutron spectrum
with different fissile materials like: weapon-grade Plutonium, LWR-spent fuel (minor actinide and some
fission product burner) and even Thorium fuels (based on molten salt reactor technology). JAERI has
focused its attention on minor actinides burning in the fast neutron spectrum with a solid fuel (based on
sodium-cooled fast reactor technology) or molten chloride fuel (unproven technology). The CERN-group
advocates solid ThCV^UOj fuel in the liquid Lead fast spectrum system (liquid Lead - liquid
Lead/Bismuth reactor technology). Brookhaven National Laboratory has proposed several concepts based
mainly on the fast spectrum, liquid sodium-cooling and oxide or metal solid fuels (sodium-cooled fast
reactor technology). BNL also tried to implement the idea of a particle bed/bead fuel (space propulsion
reactor technology) in the thermal neutron spectrum. In Russia, the Institute of Theoretical and
Experimental Physics in Moscow is leading a big scientific project financed by the International Science
and Technology Centre (ISTC) "Feasibility Study of Technologies for Accelerator Based Conversion of
Military Plutonium and Long-Lived Radioactive Waste". Different types of systems and fuels are under
investigation: like heavy water suspensions, molten fluoride systems and liquid Lead fast spectrum
systems.

All these concepts require some sort of reprocessing of the fuel - more extensive for some projects, less
for other. It is however believed that ADS can offer a reprocessing option which can accomplish high
utilization of the nuclear fuel with reprocessing based on simple processes fulfilling non-proliferation
objectives. In the case of weapons Plutonium incineration systems ADS can significantly contribute to the
reduction of Plutonium stockpiles for ever.
The diversity and different objectives together with the different scientific and social perspectives make
intercomparison of all these systems very difficult. Moreover, the scientific communities in many countries
are still assessing what would be the best choice for ADS taking into account specific requirements. All
the major projects and connected fuel cycle technologies are described in details in the following sections
(partially in section B and for some of the projects - in section D).
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B.3.1. FUEL CYCLE
Tom Ogawa and Yasufumi Suzuki
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken 319-11 Japan

B.3.1.1. DOUBLE STRATA CONCEPT AND ALTERNATIVE TRU FUEL SYSTEMS

The partitioning-transmutation (P-T) scheme is based on a double strata fuel cycle concept, where the
minor actinides (MA: Np, Am, Cm etc.) from the commercial fuel cycle flow into the second-stratum
transmutation ("actinide-buming") cycle, exiting only after being converted to fission products [!]. It is
preferable to realize a dense fuel cycle for this second stratum, where high atom densities of the actinides
are maintained throughout the whole cycle, and the system's volume and envelope are minimized.
The annual discharge of MA from 10 PWR units of 3410 MW, each in open fuel cycle consists of 145
kg Np, 99 kg Am and 14 kg Cm. Bumup of PWR fuel is assumed to be 33 GWd/tHE; the irradiated fuel
is reprocessed after 3 years and the MA is separated from high-level waste after an additional 5 years
cooling. With a bumup of -15 at% of the TRU fuel in an acdnide burner, about 1.6 t of TRU (Pu and MA)
would have to be reprocessed in order to incinerate the annual discharge of TRU elements given above
(-250 kg). Even if one assumes a low plant load factor of 30%, only 15 kg TRU a day would have to be
treated in the fuel cycle facility. If those actinides are treated in a condensed state, the total daily volume
of TRU fuel is of the order of one liter.
One promising concept is the metal fuel cycle being studied by the Argonne National Laboratory, US,
and the Central Research Institute of Electric Power Industry, Japan. JAERI is studying the feasibility of
employing a mixed nitride fuel and pyrochemical reprocessing, with metal (alloy) fuel being regarded as
an alternative. Another attractive concept is to use a liquid fuel such as a molten salt, where in-situ
decontamination of the fuel from the fission products would be possible.
B.3.1.2. NITRIDE FUEL CYCLE

HLW

—•• Press/Sintering

I
Fuel element/Assembly
Partitioning
Figure 1 shows schematically the flow
of the TRU-nitride fuel cycle. Actinide salts
"Actinide Burner"
Actinide nitrates
from the partitioning processes of high-level
waste in commercial plants can be converted
to mononitride microspheres via sol-gel
Irradiated Fuel
Sol-gel process
techniques. Thus, a high-density liquid can
be converted to a high-density solid.
Pyrochemical reprocessing
Oxide (hydroxide) + carbon
microspheres
Problems associated with the actinide dust
are minimized by the use of the sol-gel
Accinide metals
process. The irradiated fuel will be
Carbothermic reduction
reprocessed with a molten-salt electrorefining
Nitridation
Nitride microspheres
technique, which is very similar to that used
for metal fuels [2]. The nitride fuel is
Nitride particle
anodically dissolved in a LiCl-KCl eutectic
melt, and the actinide metals deposit on the
cathode. Solid and liquid-Cd cathodes will be FIG L Scheme °fTRU nitride fuel cycle.
used for recovering U and transuranium
metals, respectively. The recovered metals are then nitrided in a liquid Cd bath.
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Though nitride fuels can be reprocessed by the PUREX process, pyrochemical reprocessing is
preferable from the view of I5N recycling. 15N-enriched N2 would have to be used to minimize ]C
production by the (n,p) reaction of 14N. Then, the recycling of 'N-enriched N2 would be necessary,
considering its predictably high price even at the mass production stage. In the electrorefining process the
actmide nitrides are anodically dissolved into a molten salt; the actinide metals are deposited on the
cathode. With such a process the N2 liberated would be readily recovered for recycling.
B.3.1.3. IRRADIATED TRU FUEL CHARACTERISTICS AND THEIR
IMPLICATIONS

ENGINEERING

There is a significant difference in fuel characteristics between commercial power reactor fuels and
"actinide burner" fuels. In the latter the larger concentration of minor actinides gives a higher dose rate and
a-decay heat. These effects are illustrated in a study of a hypothetical alloy fuel system, where (Am, Cm,
Pu)-5 at% Y and (Np, Pu)-20 at% Zr alloys are assumed [3,4]. The reason why two types of alloys are
assumed is that Am and Np are predicted to be mutually insoluble [5]. Alloying elements, Y and Zr, are
added to adjust the fuel power density. This is also expected to raise the melting points of the alloys, but
has yet to be demonstrated. The solubility of Zr in Np might be much lower than previous expectation [6].
In the initial core, reactor-grade Pu is added to the alloys to adjust the core reactivity. Bumup of Pu
compensates for the reactivity increase due to the generation of fissionable nuclides from the minor
actinides. In succeeding cycles, no Plutonium is added, because sufficient fissionable nuclides are formed
in the fuel: in the (Np, Pu)-Zr, for instance, loss of 239Pu is compensated for by the generation of 238Pu. In
this core the neutron spectrum is very hard: the average neutron energy exceeds 0.76 MeV. Tables I and
TABLE I. ACTINIDE COMPOSITION IN IRRADIATED TRU FUEL
AT 17.3 % OF HEAVY ATOM BURNUP AFTER TWO YEARS
COOLING.
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U-234
U-235

(Am, Cm, Pu)-Y
(Np, Pu)-Zr
1st cycle 8th cycle___1 st cycle 8th cycle
0.003
0.039
0.004

Np-237

0.002

0.007

0.625

0.569

Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

0.061
0.150
0.157
0.025
0.033

0.134
0.039
0.174
0.013
0.069

0.113
0.114
0.106
0.019
0.015

0.264
0.068
0.038
0.004
0.007

Am-241
Am-242m
Am-243

0.306
0.019
0.130

0.232
0.033
0.094

0.004

0.003

Cm-242
Cm-243
Cm-244
Cm-245
Cm-246

0.0007
0.0008
0.107
0.008
0.0001

0.0006
0.0001
0.154
0.023
0.0024

0.0001

0.001

n give the characteristics of the irradiated fuels. The high dose rate requires that all fuel-cycle processes
are performed remotely with heavy shielding. This is not considered a real disadvantage, since the metallic
fuel cycle proposed for the commercial fast reactor also presumes the use of concrete cells for the whole
TABLE n. CHARACTERISTICS OF IRRADIATED TRU FUEL AT 17.3 % OF
HEAVY ATOM BURNUP AFTER TWO YEARS COOLING.
(Am, Cm, Pu)-Y
__________________1st cycle 8th cycle
y strength (MeV/s.gHM)
fission products
5.3x10'° 5.2x10'°
actinides
2.7xl09
3.1xl0 9
structural metals
8.8x10"
l.OxlO 9
Heat (W/gHM)
fission products
actinides
structural metals

0.029
0.028
0.47 0.62
1.6x10^
l.SxlO' 5

Neutron (n/s-gHM)_____1.2xl06

l.SxlO 6

(Np, Pu)-Zr
1st cycle 8th cycle
6.2x10'°
2.0x10"
1.3xl09

6.6x10'°
4.4xl08
1.5xl09

0.033
0.066
2.3X10"4

0.035
0.15
2.7x10-"

3.9xlQ3

1.7x10"

TABLE m. SOURCE STRENGTH OF IRRADIATED TRU ALLOYS AND
REQUIRED NORMAL CONCRETE THICKNESS FOR SHIELDING TO
ACHIEVE 0.625 MREM/H ON THE SURFACE.

(Am, Cm) alloys
8.14 kg HM

Np alloys
9.35 kg HM

Neutron
Y
total
actinides
Neutron

Y

total
actinides

Point source
strength
1.5x10'° n/s

Thickness
(cm)
130

6.2x1 0 4 Ci

9.9x10' Ci

136
83

1.2xl0 8 n/s

90

8.6x1 0 4 Ci
7.8xl0 2 Ci

140
100

process due to lower decontamination by pyrochemical reprocessing. Table HI shows the source strength
and required shielding. Though the neutron emission from the actinides is large, the wall thickness is
mostly determined by the strength from the fission products. However there may be unexpected problems
associated with high-energy neutrons such as those related to the life times of automated equipment.
Real difficulty comes from a large cc-decay heat. With the assumed cooling time of two years, the adecay heat is governed by that of ^Cm in (Am, Cm, Pu)-Y and 238Pu in (Np, Pu)-Zr alloys. It is needless
to say that P/y heating from the fission products predominates directly after the fuel discharge. However,
the a-decay heat starts to predominate after some cooling time: after about 100 days for (Np, Pu)-Zr. We
recall that U-Fs (Fs: fissium) alloy fuels of EBR-n after 2 at% bumup and 15 days cooling had a heat
generation equal to that of the alloy fuels in Table n [7]. The EBR-H fuels could be successfully transported
in a specially designed cask equipped with an argon blower for cooling. However, unlike the EBR-n fuel
whose heat came from fission products, the heat comes from the actinides in the actinide burner fuels.
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Therefore, it accompanies the fuel in all recycling stages. All processes, as well as the transportation of the
recycled fuel to the core, should be designed with this problem of a-decay heat in mind. The design of the
fuel assembly should also take this factor into account.
For the irradiated fuels with the compositions in Table I, the criticality is determined by 242mAm. With
a fully reflected but sufficiently dry condition, the subcriticality mass of the (Am, Cm, Pu) alloys is about
12 kg. A 91-pin assembly would contain about 4 kg HM. For the nitride fuels, water solution with a high
heavy metal loading is used in the sol-gel process. The subcritical mass is then about 3 kg. In any case, the
criticality problem would not be more severe than for a power reactor fuel cycle based on similar fuels and
process schemes.
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B3.2.

SOLID TRU FUELS AND FUEL CYCLE TECHNOLOGY

Toru Ogawa and Yasufumi Suzuki
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-11 Japan

B.3.2.1. NITRIDES AND ALLOYS
Alloys and nitrides are candidate solid fuels for transmutation. The fuel element is the sodium-bonded
type as shown in Fig. 1. Actinide metals and nitrides have good compatibility with Na. Since the lattice
parameters of the nitrides are close to each other [1], one may expect that UN, NpN, PuN, AmN and CmN
are miscible with each other. This is not the case for actinide metals. At present, Am-based and Np-based
alloys are proposed, because the mutual solubility of Am and Np is considered to be small [2]. The lower
melting points and rather low thermal conductivities of transuranium alloys would limit the linear heat
rating of the fuel elements [3]. These are the reasons why the nitrides are preferred to the alloys. However,
the alloy fuels are still considered important alternatives, since it would be easier to fabricate them than the
nitrides. However, it is uncertain whether one may apply the simple method of injection casting, which has
been successfully employed for the fabrication of the U-Zr and U-Pu-Zr alloy rods.
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FIG. 1. Sodium-bonded fuel element and assembly.

The favorable thermal properties of the nitride fuels make full utilization of a cold-fuel concept possible
[4]: (1) lower fuel temperatures and hence lower fission gas release and smaller swelling, and (2) a thinner
cladding to achieve a high heavy-metal loading. A fuel would be called a "cold fuel", when its operating
temperature is less than one third of the melting point. The melting point of the actinide nitrides is -3000
K. There is an irradiation database of nitrides even for (U, Pu)N, but it is much smaller than those for the
(U, Pu)O2 and U-Pu-Zr alloys. However, the existing irradiation data suggest the lameness of (U, Pu)N
under cold-fuel condition [4].
On the other hand, for the metallic fuels, there are phenomena whose mechanistic understanding has
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not yet been reached the amsotropy in swelling, the component redistribution under a thermal gradient,
the variation of apparent thermal conductivity with porous structure development and bond-sodium
intrusion into pores etc [5] The reaction between stainless steel cladding and actmide alloys is also severe
at higher temperatures, and imposes a performance limit [6] JAERI has prepared (U, Pu)N fuel elements
and irradiated them in a thermal spectrum in JMTR [7] UN and PuN were prepared by carbothermic
reduction of powder mixtures of respective oxides and carbon in flowing H2 + N2 Then UN and PuN were
mixed and sintered to form (U, Pu)N The irradiation test of (U, Pu)N in the fast reactor, JOYO, was begun
in Augusi, 1994, as a JAERI/PNC joint program Suzuki et al [8] have prepared NpN by carbothermic
synthesis Thermal conductivity [9] and high-temperature vaporization [10] of NpN have been studied by
the same group The thermal conductivity of NpN was intermediate between UN and PuN Thermal
properties will be further studied for (U, Pu, Np)N
B 3 2 2 NITRIDE FUEL CYCLE TECHNOLOGY

The scheme of the nitride fuel cycle is shown in Fig 2 For the nitnde fuel cycle, technical
developments are being made on (1) the internal gelation method to form (oxide + carbon) gel microspheres
from the actmide nitrates and (2) the electrorefming process for reprocessing irradiated nitnde fuels
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Scheme ofTRUnitride fuel cycle

B.3.2.3.1. Nitride fabrication by sol-gel process
The internal gelation method is presently being studied because of the simplicity of feed solution
preparation compared with the external gelation method, particularly when one wants to obtain
multicomponent ceramics. In the internal gelation method, hexamethylenetetramine (HMTA), added to the
solution, decomposes on heating to form ammonia which then reacts with the actinide nitrates. Then the
solution of actinide nitrates with a carbon suspension turns into a solid mixture of oxide (hydroxide) and
carbon in the form of microspheres. Normally the droplets of feed solution are heated in an oil column, but
the use of a microwave heating for the internal gelation process has been proposed by Ledergerber et al.
[11] Because of its potential to reduce the treatment of alpha contaminated oil, a 2.5 GHz microwave
heating apparatus has been developed for this gelation process (Fig. 3) [12]. Also, in order to prevent the
instability of the feed solution by the a-decay heat, techniques to mix the actinide nitrate solution and the
HMTA solution right above the droplet-forming nozzle are being developed [13]. The gel microspheres
are heat treated in a nitrogen atmosphere and converted to the nitride.
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FIG. 4. Stability diagram of U-C-N-O system at
1823 K with p*(N2) = 0.92 atm.
It should be noted that the N2 supply has to be in great
FIG. 3. Microwave gelation apparatus
°
synthesis of the nitrides. This
and ammonium uranate gel microspheres. P0^ °an be illustrated ^ c°™dering the case of UN
synthesis. Figure 4 shows a stability diagram for the U-C-N-O
6XCeSS f r the carbothermic

system at an arbitrary nitrogen partial pressure of p*(N^) = 0.1 atm at 1823 K [ 14]. The mixture of UO2 and
carbon is heated in a nitrogen atmosphere to form Uranium carbonitride, U(C, N), and oxynitride,
UO2.YN3Y/4. The amount of the latter decreases with time; so does the fraction of UC in U(C,N). Carbon
activity, a(C), and p*(O2) are given by the upper abscissa and left ordinate, respectively. Progress of the
carbothermic reaction is measured by the cumulative evolution of CO. The dashed line gives the
equilibrium partial pressure of CO, p*(CO). p*(CO) at a(C)=l is -0.03 atm. As the reaction proceeds, C/U
decreases to further reduce the equilibrium CO pressure, p*(CO). That is, in order to obtain UN, one has
to supply nitrogen in a large excess to effectively remove CO from the system. Though excess N, from the
process exhaust can be purified and circulated, the demand on "N-enriched N, makeup could be larger than
that simply expected from the reaction stoichiometry. This is another incentive to recycle 15N from the
pyrochemical reprocessing.
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B.3.2.3.2,. Pyrochemical reprocessing

The irradiated fuels are reprocessed with molten-salt electrorefining techniques. The configuration of
the electiorefiner can be common for the nitride and alloy fuels. For reprocessing nitride fuels, the
electrorefiner has to be flushed with an inert gas to purge N2 from the anode. '5N-enriched N2 is recycled
to the nitnde refabrication.
The anode basket contains either nitride or alloy fuels. The cathode is either a solid metal rod or a liquid
metal bath such as molten Cd depending on the combination of actinide elements in the molten salt bath.
A molten Cd cathode would be preferred to
recover transuranium elements in the presence
of U3+ in the molten salt phase.
260 rThe recovered N2 can be fed to the
(' 3eiore ospos c
process to convert actinide metals to nitrides.
220|
(2) Aftrr deposition
Conversion can be made in a liquid cadmium
180
bath: actinide metals dissolve into Cd, react
with N2 which is in contact with Cd, and
segregate as nitrides on the bottom of the
bath. Cd can be readily distilled away from
the nitrides.
UJ
p;
The anodic dissolution of UN has been
GC
!D
studied in laboratory-scale experiments [15]. O
UN powder was contained in a graphite anode
basket. The counter electrode was a
molybdenum rod. The LiCl-KCl-UCl3 melt
was contained in a recrystallized alumina
100
crucible. The Ag/AgCl reference electrode
-1200
1000
800
600
-400 -200
consists of pure silver in LiCl-KCl-10 mol%
ANODE POTENTIAL (mV)
AgCl. The measurements were done at 773 K.
Fig. 5 shows that the anodic dissolution of
UN occurs with the characteristic potential at FIG. 5. Current and electrode potential for UN
about -0.66 V against the reference electrode. contained in a graphite anode basket in LiCl-KCl-UCl3
The pertinent reaction is the formation of melt at 773 K. The reference electrode was LiCl-KCl-10
solid UC1, on UN:
mol%
AgCl.
UN + 3 [AgCl] = UC13

+ N2 + 3Ag

AG = AGf(UCI3) - AGf (UN)

0)

- 3{AGf (AgCl) + RT In XAgC1)

==-192,030 J/mol

E = AG/3F = -0.66 V

where AGf is the free energy of formation, XAgC, is the mole fraction of AgCl in the reference electrode,
and F is the Faraday constant. Above this characteristic potential UN becomes unstable.
Electrolytic decomposition of UN was made with the working-electrode potential of -0.20 V. Almost
all UN was dissolved, and a-U was deposited on the counter electrode. Similar runs have been made in
LiCl-KCI-CdCI, melt, where Cd-U alloys were deposited on the cathode. Further tests with (U, Ln)N,
PuN
and NpN are scheduled (Ln: lanthanides). Table I shows the standard electrode potentials of actinide and
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TABLE I. STANDARD ELECTRODE POTENTIALS
IN LiCl-KCl EUTECTIC MELT AT 773 K.
Reaction
Li+ + e = Li
La+ + e = La
Li+ + e + (1/6)N2 = UN./3
Pu3+ + 3e = Pu
U3+ + 3e = U
La3* + 3e + (1/2)N2 = LaN
Pu3* + 3e + (1/2)N2 = PuN
U3+ + 3e + (1/2)N2 := UN
Cd2+ + 2e = Cd
Ag+ + e = Ag

E°(Ag)/V

-2.68
-2.17
-1.88
-1.81
-1.61
-1.42
-1.00
-0.82
-0.51
0

fission-product metals and nitrides as
well as those of structural metals, which
were calculated from the thermodynamic
data in the literature.

B.3.2.3.3. Fundamental database

In order to assess the feasibility of a
P-T scheme, the database of basic
properties has to be enlarged. The
thermodynamic database has to be
expanded in three major areas: (1)
actinide alloys and intermetallics, (2)
actinide-containing molten salts and (3)
transuranium nitrides, particularly
americium nitride. In JAERI, a pure
substance and solid-solution database, related to actinide burning, is being created.

With our present knowledge, it is difficult to design a metal fuel with high concentrations of MA.
Systematic studies of MA-transition metal alloying behavior are being made. Alloying behavior among U,
Np, Pu and Am appears to be predicted with the Brewer model [2, 16], though the accuracy of prediction
has yet to be examined for each system. Even with the U-Pu
binary system, further refinement of the alloy
theory seems to be necessary to realize satisfactory agreement with the experimental phase diagram [2].
Figures 6 and 7 show predicted ternary phase diagrams of U-Pu-Am and Np-Pu-Am, respectively. In the
U-Pu-Am system, the liquid miscibility gap in the U-Am
binary would close with the addition of a small
amount of Pu. As for the Np-Am binary, the addition of small amount of Pu would not prevent the
segregation of the Np-rich liquid at lower temperatures. Further theoretical refinement will be possible by
referring the results of systematic experimental studies of the alloying behavior of transuranium elements

such as those being made by Gibson and Haire [17].
The volatility of americium may be troublesome in any type of P-T scheme. For instance evaporative
loss of americium during the sintering of the nitride fuel has to be avoided. Thermodynamic properties of
AmN have to be studied to optimize the fabrication process. An initial estimate of the free energy of
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6. Predict liquidus of U-Pu-Am ternary
system.

FIG.

7. Predicted isotherm of Np-Pu-Am
ternary system at 1000 K.
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formation, AGP, of AmN has been made from the vaporization behavior of impurity W1 Am in reactor-grade
PuN [18] AGf°(AmN) appears not to be significantly different from those of UN and PuN. This gives a
much higher vapor pressure of Am over AmN compared with Pu over PuN. If so, either a technique to
lower the sintering temperature has to be devised or the application of low-density fuel has to be
considered.
As long as one seriously considers the use of Plutonium and the recycle of the other transuranium
elements in nuclear technology, the thermodynamic behavior of actinide(An)-noble metal alloys such AnPd alloys has to be better defined. The fission yields of noble metals are much greater from the
transuraniums than from 235U, and they form very stable intermetallics with actinides. The existence of
stable intermetallics would cause a significant actinide loss during reprocessing.

REFERENCES
[I]

KOCH, G., et al.: GMELIN Handbuch der Anorganishen Chemie, Transurane, Teil C: Die
Verbindungen, Springer Verlag.

[2]

OGAWA, T.: J. Alloys and Compds., 194 (1993) 1.

[3]

OGAWA, T., et al.: JAERI-M 89-123 (1989).

[4]

BLANK, H.: J. Less-Common Metals 121 (1986) 583.

[5]

WALTERS, L. C.: Nucl. Technol. 65 (1984)179.

[6]

VOHEN, A. B., et al.: Trans. ANS 66 (1992) 202.

[7]

ARAI, Y., et al.: JAERI-Research 95-008 (1995).

[8]

SUZUKI, Y., et al.: J. Nucl. Sci. Technol. 31 (1994) 677.

[9]

ARAI, Y., et al. • J. Nucl Mater. 211 (1994) 248.

[10]

NAKAJIMA, K., et al.: 1995 Annual Mtg. Atomic Energy Society of Japan, paper No. K9., Tokyo,
March, 1995.

[II]

LEDERGERBER, G.: Trans. ANS 40 (1982) 55.

[ 12] Y AM AGISHI, S., et al.: J AERI-Tech 94-010(1994).

[13]
[14]

YAMAGISHI, S.: 1995 Annual Mtg. Atomic Energy Society of Japan, paper, No. L48, Tokyo,
March, 1995.
OGAWA, T., et al.: JAERI internal document.

[15] KOBAYASHI, F., et al.: J Am. Cer. Soc. (submitted).
[16] BREWER, L.: J. Alloys and Compds. 213/214 (1994) 132.
[17]

GDBSON, J. K., et al.: J. Alloys and Compd. 213/214 (1994) 106.

[18] OGAWA, T., et al.: J. Alloys and Compds. (in press).

68

XA9846559
B.4. ACCELERATOR DRIVEN SYSTEMS (ADS): A PRINCIPAL NEUTRONICS AND
TRANSMUTATION POTENTIAL
I. Slessarev

CEA, Cadarache, France

The proposed accelerator-based systems [1] use a beam of high energy protons to produce
supplementary (external) neutrons as a result of spallation processes in a target. These neutrons
are successively used to feed a subcritical blanket and can be used for the following goals:
•

to create or to enhance a neutron surplus available for incineration of those long lived toxic
nuclei which require neutrons (they can be long lived fission products, Minor Actinides
(MA's) in the case when thermal neutron spectrum is applied, etc.);

•

to enhance the deterministic safety features for reactivity-type of accidents.

B.4.1. OVERALL NEUTRONICS OF THE ADS

The external neutron source ji due to heavy nuclei spallation in a subcritical (keff < 1) medium can
be defined as
H = r-f

( neutrons per fission in the medium )

where F - is the number of neutrons returning to the ADS-medium if each fission has been transformed
into proton current (spallation effectiveness),
f - is the fission fraction (fraction of energy) actually being used for spallation.

The following equations describe the neutronics of the ADS-blanket:

(1)

where

v - averaged secondary neutron number of fission process,
<p* - importance of spallation neutrons in the given ADS,
I - proton current (mA),
W - ADS thermal power (MW),
z - the number of neutrons gained due to spallation per proton.
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B.4.2. DETERMINISTIC SAFETY ASPECTS

One of ADS important potential is relating to deterministic safety concerning reactivity types of
accidents. Evidently that all similar accidents can be certainly eliminated if ADS-reactivity could never
exceed k,fr = 1. It means that the sum of the initial k°eff and all possible reactivity effects (burnup reactivity
swing, including Np (or Pa) effect, power reactivity and void effects as well as other similar effects), taken
for unfavorable situations, will never exceed critical value.
Obviously, subcriticahty ( k°eff < 1 ) can not guarantee these properties (except the case of a too low
level k^ when economics is not acceptable usually), while a combination of subcriticahty and "stabilized
reactivity" is a predisposition of deterministic safety features.
Further detailed simulations of all important accident scenarios are necessary in order to make a reliable
deterministic safety potential analysis.
B.4.3. ECONOMICS

Economics puts an important impact on ADS-parameters choice [2,9].
For transmutation problems, which are not dependent on neutron surplus production (e.g. Pu burnup),
it is important too keep k°eff - value close to critical state, because it allows to decrease requirements to
proton beam power as well as to proton current. A benefit of ADS for these cases is relating to in the most
cases deterministic safety enhancement. In turn, this is important to have small reactivity effects including
bumup reactivity swing in ADS. Otherwise, one has to keep kcff during a long core life at rather low level
resulting in an economic penalty.
For example, in ADS with proton energy 1 GeV, the F is evaluated as 0.8 - 1.0 neutron/fission at
z = 25 neutron/proton. It gives approximately 0.1 neutron/fission per each 10% of energy spent for the
accelerator ((p* = 1). Meanwhile, the analysis of a neutron surplus production potential shows (see
paragraph B.I.4) that there is another way to enhance neutron surplus: ADS-blanket neutronics
optimization.

Hence, both deterministic safety and economics considerations show an importance of "stable
reactivity" concepts for ADS.
The economics of ADS depends upon the following negative factors: the necessity to have a "beamtarget" system, as well as to spend a part of energy for proton current. Capital cost of the accelerator can
affect ADS-economics. At the same time, enhanced safety potential of ADS allows to simplify reactor
control.
A very rough preliminary estimation shows that a cost of the accelerator must not exceed 1/3 of the
blanket cost to allow ADS to be economically acceptable.

Hence, a low capital cost of the accelerator, small fraction of consumed energy and a high k°cff - value
may give an opportunity to be economically competitive with critical reactor.
In some Np-scenarios, even small fraction of ADS allows to reduce essentially MA-masses and fuel
toxicity of all NP (as in the case of ADS/TransPu-Burners, see next paragraphs). For these cases, ADSeconomic potentials will not be too important.
B.4.4. TOXICITY TRANSMUTATION POTENTIAL OF THE ADS

Minimization of the sources of a long-term toxicity in relation to energy production can be considered
as the mam goal of neutronics transmutation of both fuel and long-lived fission products (LLFP).
There are at least three types of long-term toxicity source [1]:
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•

fuel inventory in the nuclear reactors (systems),

•

fuel wastes in the process of a discharged fuel reprocessing,

•

long-lived radioactive fission products.

It seems that the last two sources mentioned are the most important due to toxicity accumulation during
the normal functioning of the nuclear power industry [3].
For perspective development of nuclear power there is a state of "equilibrium", when similar operations
(reactor fuel feeding, fuel burning, reprocessing, etc.) are constantly repeating. This leads inevitably to a
"quasi-stabilization" of fuel and fuel waste contents.

B.4.4.1. Reduction of the long term toxicity of fission products

The neutron surplus potential of nuclear system depends on the overall neutron balance of
every nucleus - "predecessor" (participating in reactor fuel feeding) and his "family", neutron
"parasitic" losses (neutron leakage, absorption in construction materials (L + CM), et c.) and
external neutron source n [1 - 3].
For an equilibrium state, a neutron surplus potential G; of a J-family being under irradiation
can be expressed through the "neutron consumption" Dj (note: negative consumption means
production) during family life (up to be fissioned completely):
Gj (neutrons/fission) = - Dj - (L + CM)

The neutron consumption level Dj depends mostly on neutron spectrum and neutron flux level
(the last one defines the competitiveness between neutron processes and radioactive decay).
Generally, if a reactor is feeding by a set of nuclei, one has a total neutron surplus potential G of
a system (in presence of an external source):

G(neutrons>'fission) =

j

(X y xG y )+n = -

j

(X y xD y )-(L-t-CM)+u=G 0 +M

where Xj is an "enrichment" of J-family "predecessor" (i.e. normalized fraction of J-nucleus) in
the feed fuel and ^ is a corresponding internal neutron surplus potential (for critical reactors
G-G0).
A necessity to increase the neutron surplus potential (to increase LLFP-incineration rate) leads
to ADS-concepts with a lower k°eff - level, which allows to increase the ^i - value. It contradicts
to some opinion, that the highest neutron "amplification" is more favorable for transmutation
purposes. However, a low k°eff leads to a high energy consumption and the final value has to be
chosen taking into account ADS-economics.
In practice, G-value reflects the neutron balance and its enhancement has a reasonable limit:
for almost all realistic power reactors the (L + CM) value is roughly 0.3 neutrons/fission.
Criticality condition of a fissionable medium at equilibrium corresponds to G0 = 0 and the G0
value defines generally the potentially achievable multiplication factor Jkeff as:
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Table I gives the G0 - value potential (neutrons/fission) for fuel nuclei in different neutron spectra with
"standard" and "high" averaged neutron fluxes F, when (L + CM) being taken equal to 0.3 neutrons/fission
for all reactors and ADS.
TABLE I THE INTERNAL NEUTRON SURPLUS: G0- VALUES FOR LWR AND FR SPECTRA
FOR SOME IMPORTANT FAMILIES
The LWR-Spectrum

J-families

The FR-spectrum

U

<j>= 10 + 10 nycm -s
+ (0.32+0.35)

<J> = 1014+1015n/cm2-s
+ (0.58+0.60)

U

- (0.37+0.29)

+ (0.32+0.35)

232

Th

- (0.06+0.06)

+ (0.09+0.09)

239pu

+ (0.42+0.53)

+ (1.16+1.21)

242

-(1.54+0.98)

-(0.26+0.41)

14

235

238

Pu

15

2

241

Am

-(1.37+1.11)

+ (0.32+0.43)

243

Am

- (0.59+0.58)

+ (0.30+0.70)

Table I shows that:
fast spectrum is the most favorable for all families regarding on neutron surplus production

•

232

Th is the "poorest" among all natural fuels; its neutron production is 0.2 - 0.3 neutrons/fission
less then of 23SU. The internal neutron surplus of the Thorium family is not very sensitive to the
spectrum type,

•

the sensitivity of the neutron surplus to the neutron flux level is not of a high importance;
nevertheless it can be helpful for some special problem resolution.

A neutron surplus gained directly from spallation (u,) depends on blanket thermal efficiency and fission
energy. Then fast spectrum blankets can give some supplementary advantage - about 20 - 30% in the u, value when compared to thermal spectrum blankets [1].
Table II shows the neutron surplus potential of TransPu-fuel discharging from LWR's (closed cycle

for U, Pu, Np) at different neutron flux levels for important neutron spectra. It can be seen that TransPufuel does not require a neutron surplus being burnt in a fast spectrum.

B.4.4.2. Fuel waste toxicity (FWT) reduction.

The source of fuel waste toxicity risk is originated from the "losses" of discharged fuel. In the case
of an open cycle, "losses" represent 100% discharge to a repository. In the case of reprocessing, "losses"
are related to the decontamination efficiency of the chemical fuel reprocessing. The Fuel Waste Toxicity
(FWT) is the consequence of the losses of the equilibrium fuel mass. The FWT (per electricity production
unit) can be easily evaluated by the following expression [3,4]:

FWT = Y(l -B)/Bx
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TjjxLOS,

(2)

TABLE H. NEUTRON PRODUCTION (NEUTRONS PER FISSION) POTENTIAL OF TransPuBURNERS ((-D) VALUES [1]

Spectra

Fast

Superthermal

TransPu B- TransPuE

+0.60

1.39

+0.68- +0.80

+1.48

+1.00

+1.84

+0.90- +1.15

+0.78

+1.54

+1.07

+1.92

+0.96- +1.22

^'Pu

^'Arn

242m

1015

+1.46

+0.62

+1.36

10"

+1.51

+0.73

1017

+1.52
y.

Thermal

^Cm

Flux level

-

Am

243

Am

t>. ;

1014

+0.72

-1.07

-0.11

-0.29

+0.68

-0.69 - -0.20

1015

+0.83

-0.81

+0.16

+0.28

+ 1.24

-0.31-+0.30

1016

+0.85

+0.02

+1.00

+0.45

+1.32

+0.26 - +0.58

1014

+1.01

-0.74

+0.25

-0.89

+0.10

-0.72 - -0.64

+1.04

+0.04

+1.03

-0.53

+0.42

-0.11 --0.18

+1.07

+0.54

+1.53

-0.21

+0.48

+0.55- +0.11

+1.13

+0.66

+1.66

+0.36

10 5

'

jQie
1017

+0.49
+0.45
(TransPu ) and (TransPu ) are "neutron production" of the transplutoniums discharging from LWR-open fuel cycle
(i.e. in the beginning "B" of the closing cycle procedure) and from LWR (closed fuel cycle for U+Pu+Np) at
equilibrium "E".
8

E

In equation (2) we have summed up all nuclei which make up the feed fathers ( U5 U,
TransPu, et c.) And we have used the following notations:

238

U,

239

Pu, MA's,

y - mass (gram) of fission products per net electric energy production unit; its value depends
mostly on a reactor thermal efficiency and varies between 0.9 xlO 6 (fast reactors ) and 1.2xl06
gram/GWe per year (thermal reactors),

B - fuel bumup (in 5 of heavy atoms, h.a.),
LOS, - a fraction of I-nucleus being lost in fuel cycle operations,
Z, Tj, - toxicity of J-family in a fuel (I - index of a family member) in one gram of reactor fuel at
equilibrium (i.e. unit fuel mass toxicity after irradiation, see Table HI).

Hence, fuel waste toxicity source depends mostly on neutron spectrum (through family toxicities), fuel
bumup and losses during reprocessing. Subcriticality level does not play an important role in the FWT: it
changes the fuel feeding relative concentration, but total FWT (for exception of special cases) usually varies
slightly.
The fuel waste toxicities time-dependent distribution at equilibrium is shown on Fig. 1 for the main
principal nuclear reactors with closed Uranium and Thorium fuel cycles. The standard LWR (open fuel
cycle) and "conservative" fuel loss data have been taken as a reference: 0.1% for Uranium, 0.1% for
Plutonium and 1% for MA's.

Closed fuel cycles give always the lower fuel waste toxicities when compared to the standard LWR
(open cycle), having even more toxic fuel then the standard LWR due to much smaller losses (<1%) of the
total fuel mass of the standard LWR discharge.
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FIG 1
The fuel waste toxicities time-dependent distribution at equilibrium for the main principal
nuclear reactors with closed Uranium and Thorium fuel cycles The standard LWR (open fuel cycle) is
used as the reference

B.4.4.3. On ADS- "niches" in nuclear power

Considering possible "niches" for ADS in nuclear power, three stages of NP-development can be
considering starting, long-term development and stagnation or power reduction
Let suppose that on starting stage (due to a power industry inertia) the share of new reactor generation
(including fast reactors) can not be high enough and it will be possible to use a small option of new
installations only Hence, the most realistic scenario of the "starting stage" of NP development can assume
to use of all potential of the current reactor park for maximum FWT-reduction (to avoid Pu and MA
accumulation)
It is not evident that LWR fully closing fuel cycle can be realized at an industrial scale, since the
accumulation of MA affects strongly the LWR properties It seems that is more easy to close fuel cycle for
U, Np and Pu fuel components only
Hence, at current stage, nuclear power can use

•

the closed LWR fuel cycle (for U, Np and Pu) and a special reactor - TransPu-Burner to
prevent an accumulation of transplutoniums.

A pielimmary assessment of the FWT-reduction potential shows that TransPu-bummg is extremely
important theoretically, closing of LWR fuel cycle (for U, Np and Pu components) in a combination with
TransPu-bumout in a fast spectrum TransPu-Burner (closed cycle, bumup 15 % h a) Allows to reduce the
FWT up to a factor 100
Due to some "negative" physics property (such as very low delayed neutron fraction, low Doppler
74

reactivity effect, positive void reactivity effects, et c.), due to some specific technologic difficulties,
TransPu produces problems of being used in standard critical reactors. This can be the case to use
subcritical ADS/TransPu-Bumers.
Potentially, molten salt concepts are more suitable to play the TransPu-Burner role. They are:
• less sensitive (due to a possibility of continuous fuel feeding) to burnup reactivity swing effects.
They do not demand a variable accelerator power due to constant subcriticality during bumup; can
have a higher k^ with an acceptable deterministic margin to reactivity type accidents. Hence, they
can spent less energy for accelerator needs;

• less sensitive to "peaking" flux shape due to fuel mixing;
Besides, they have:
• the highest average to maximum burnup ratio (fuel mixing effect) that reduces the FWT-level;
maximum neutron spallation importance (p* due to possibility of proton beam insertion directly to
region with maximum neutron importance and to fissile nuclei.
It was evaluated that Transplutonium fuel provides (see Table HI) a rather high neutron surplus (ca 0.5
neutron per fission) in fast neutron spectrum, while other neutron spectra require additional fuel to support
a k^ as well as a higher fraction of Burners in NP.
TABLE III. NORMALIZED TOXICITIES OF J-FAMILIES Tj AT EQUILIBRIUM (in Sv/gram of
family). Tj WAS AVERAGED ON SHORT (102 -=-104 YEARS) AND LONG (102 -=- 106 YEARS) TIME
INTERVALS (NEGLIGIBLE LOSS RATES) [2].
Thermal reactors
14

2

Fast reactors
14

2

Natural toxicity
(4>=1014 n/cm2s)

Tj
Long

Tj
Short

Tj
Long

Tj

T;

Short

Long

11
62
19
5.7
28

41

3.8

0.0052

0.0052

168
173
275

23
2.5
3.5

111
0.037

0.0008

0.0068

4610

58

2300

13

T,
Long

232Th

21
221
372

4.6
53
19

238u

97

1

117
92
841

239pu

4851

46

4290

U

14

((j)=10l n/cm s)

Tj
Short

235u

Superthermal reactors

((J>=10 n/cm s)
Predecessors
of families

233

2

Short
38

(cj>=10 n/cm s)

46
0.48

Due to a small burnup reactivity swing, lack of Pa-Np types of reactivity effects, the following choice
of subcriticality level seems to be reasonable, if TransPu burnout not demand an external neutron "help":
1^ = 0.95-0.97.

The principle parameters of fast spectrum ADS-TransPu-Burners can be the following:
krfj = 0.95 and z = 25 n /1 GeV-proton, (p* = 1.5. Then one needs < 5% of ADS-TransPu-Bumers in
all park of reactors. Proton current is expecting to be 50 mA/GWe and the fraction of NP-energy spent
for accelerator needs: 0.5 %. The system consisting of LWR's (closed cycle) and TransPu-Burners can
produce (as a neutron surplus) 0.03 neutron per every fission in NP, which is available for partial
LLFP-incineration.

Such ADS-Bumer can be used as well for Pu-burnout (if needed). In this case, it will be reasonable to
use a high neutron surplus of Pu for LLFP-incineration. However, the justification of ADS for Puburning is more difficult; it can be done in critical reactors also.

For comparison, one can assess a potential of the LWR standard neutron spectra for TransPu-burnout
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(cp* = 1.5, F = 0,8 n/fission instead of F = I/fission for fast spectrum systems) in the standard neutron
flux level: 1014 n/cm2s. One can get: DTransPu = 0.69 (see Table III), G0 = -1 n/fission, k^ = (1 - G</v)''
= 0.7, proton current I = 520 mA/GWc. One needs all ADS energy to spend for the accelerator needs.
As for "superthermal" neutron spectrum and elevated flux level (1015 n/cm2s), one can get: DTransPlI =
0.11, G0 = -0.41, krff = 0.85 and proton current I = 210 mA/GWe. Moreover, there are no neutrons for
LLFP-incmeration and the FWT reduction potential is approximately one order lower than of fast
spectrum (lower bumup, thermal efficiency, et c.).
In the hypothesis of continuation of nuclear power in the long term future, with the possibility to
increase its energy output if required by eventual energy demand, one has to provide a system which be
able:
• to breed fuel to make use of natural resources,

• to reduce LLFP toxicity in a large scale.
For this stage it is necessary to have a nuclear system with a sufficient neutron surplus to minimize fuel
waste toxicity, LLFP-incmeration and fuel breeding. It would be hopeful (particularly important for its
public acceptability) if this system has deterministic safety features allowing to be definitely resistant to
heavy accidents which lead to fuel disintegration.
ADS economics will play an important role if one wants to use a large park of innovative nuclear power
installations. Competitive ADS (slightly subcritical: k^ = 0.98) and reactivity stabilized blanket on the base
of competitive fast reactor technology (i.e. lead coolant, dense fuel) seems to be attractive.
More important that supplementary neutrons of ADS can allow to compensate a drawback of oxide fuel
- relatively large bumup reactivity swing. It means that fast spectrum ADS with oxide fuel can have
deterministic safety features and can be economically acceptable.
To be sure in the optimum choice of ADS-spectrum, one can compare the potential of a thermal
spectrum ADS (cp* = 1, F = 0.8 n/fission for proton beam 1 GeV): the same subcriticality level (k,.ff = 0.98)
leads to higher proton current (factor of 1.3). Meanwhile, the reduction of the FWT is a factor of one order

less than for fast spectrum, as well as many less neutrons are available for LLFP-transmutation.
B.4.4.4. On specific features of fuel cycles.
The Uranium fuel cycle

Potentially fast spectra have the following neutronics regarding transmutation problems:
•
•

in fully closed Uranium fuel cycle (averaged bumup level B = 15%) the reduction of the FWT is
assessed as two orders in magnitude when compared with standard LWR-open fuel cycle,
neutron surplus for fuel self-sustaining fast reactors (zero breeding gain) is varying from 0.3
neutrons/fission for oxide fuel up to 0.5 neutrons/fission for metal fuel.

Example: the neutronic potential of an ADS - slightly subcritical lead cooled fast breeder system with
nitride fuel and proton beam source (lead is used as a coolant as well as a liquid target for proton beam)
and kjff = 0.98 can be the following:

•

neutron surplus - about 0.4 neutron per fission (zero breeding gain) in fuel plus 0.05
neutrons/fission due to spallation in lead target,

•

relatively small (about 5% of the total energy) consumption for proton beam support.

The total neutron surplus (that can be available) both for breeding and for LLFP-mcineradon is assessed
0.45 neutrons/fission that seems to be enough to burnout all dangerous fission products and/or to reproduce
new fuels for NP further development.
Economics of this system allows it to be rather competitive taking into account the simplicity advantage
features: no needs in control rods, 2-circuits scheme, no needs in anti-coolant fire and anti-coolant
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explosion protections, et c. Subcriticality plus a stabilized reactivity allow to increase a deterministic margin
regarding reactivity type of accidents.
Hence, a reasonable compromise between safety features, reduction fuel waste potential and economics
seems to be achieved for ADS with Uranium fuel cycle.

The Thorium fuel cycle
Thorium fuel cycle can have an attractive potential feature related to relatively small production of
transplutonium [5,6] and, hence, to low MA concentrations (except ^"Np, ^Pu) at equilibrium. As a result,
the FWT level for both thermal and fast spectrum reactors during the first 103 years after incineration is
much lower (see Fig. 1) than for Uranium fuel cycle. Later on, the advantage of Thorium cycle in the FWT
is disappearing due to large concentrations of very long term toxic 233U, ^U, as well as 231Pa.
232
Th-fuel has relatively tight neutron balance both in fast and thermal neutron spectra; for every fission
it produces many fewer neutrons than U8U (see Table I).
To use an advantage of subcriticality in deterministic safety features, one needs to have a bumup
reactivity swing and reactivity effects as low as possible. A low burnup reactivity swing can be realized in
traditional reactor designs if fuel concentration in the beginning of cycle (BOL) is "below" of equilibrium
one (to compensate of core poisoning by fission products). It si more easy to realize this condition for
subcritical ADS than for critical reactors. However, at a low k°eff, an accelerator energy consumption is too
high. For example, for medium size fast reactors (0.5 -1) GWe with 232Th- feeding, if equilibrium k°eff value
is to be close to 0.95 and one has the reactivity stable (during burnup) core. If one propose to increase k0^
by 233U-enrichment change, it leads to a loss of reactivity during core life and to a loss of reactivity margin
regarding reactivity accidents.

Another disadvantage of thorium cycle is a high "protactinium effect" of reactivity (much higher than
corresponding "neptunium effect" for Uranium cycle for standard fluxes), which demands to keep a low
k°eff - value. To avoid problems with the protactinium effect and to increase neutron surplus, the Thorium
cycle needs "reduced flux level" concepts.

Hence, for Thorium cycle, a compromise between deterministic safety, subcriticality level and
economics will be more difficult as either one has a low k0^ and deterministic safety features with "weak"
economics, or one has an acceptable economics (higher k^) with a "standard" safety level.

B.4.4.5. The long-term toxicity of fuel inventory.
The total fuel inventory toxicity is proportional to the mass of fuel inventory (per power unit) and to
fuel toxicity. Fuel inventory INV is inversely proportional to the product (af x F), where F is the averaged
neutron flux. To minimize INV, one should increase (af x F) both for thermal and fast neutron spectra. This
gives an advantage to the high fluxes and thermal spectrum concepts. If the (<jf x F) growth in a critical
reactor can be achieved by a fuel concentration decrease (avoiding an increase of the specific power), then
the neutron balance becomes tighter, and it leads to a bumup decrease and finally to the FWT increase.
One could increase F by decreasing k^ (subcriticality effect), accounting for a possible fuel
concentration drop, but the corresponding inventory reduction is expected to be relatively modest. For a
reasonable level of subcriticality (k^ = 0.8 - 0.9) the total effect will not exceed roughly a factor of = 1.5
in inventory toxicity reduction.

B.4.4.6. Power Reduction or Stagnation Stage Scenarios.
In this type of scenarios, subcritical systems can be helpful due to their lower sensitivity to fuel mass
inventory and isotopic content. Besides, they can give more flexibility for the elimination of residual fuel
and LLFP toxicities.
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The principal goal for this stage can be to approach a minimum (close to zero) mass inventory and zero
toxicity of MA:s and LLFP:s.

It is very important to have the appropriate installations and one can use Burners (or a part of a reactor
park) eventually used in previous stages, such as ADS/TransPu-Bumers, FR-ADS with Uranium or
Thorium fuels, et c.
For burning-out the residual toxic fuel (or stocked fuel) some versions of ADS can be particularly
suitable since no critical mass is demanded, larger masses of LLFP (if one will use a large neutron surplus
potential: low k°eff - options) can be eliminated, smallest fuel inventory (particularly, high neutron flux and
thermalized neutron spectrum systems [7,8] can be exploited).

It has to be mentioned, however, that for high flux ADS concept with relatively short core lives (oneseveral months), a corresponding rapid reprocessing technology has to be available. Otherwise, standard
(relatively long) cooling and reprocessing times leads to elimination of all advantages of these concepts.
In the case of delayed reprocessing, the averaged neutron flux level is rapidly decreasing and fuel masses
in fuel cycle is increasing.
B.4.5. CONCLUSIONS

Looking on futuristic fission systems with maximum reduction of long-term radiotoxicity risk for
energy production unit one can conclude that the ACCELERATOR DRIVEN SYSTEMS are able to
improve NP acceptability
•

ADS can increase the neutron surplus available for LLFP incineration. This is important for thefuel
cycle with reduced neutron surplus production (e.g. Thorium fuel cycle). Meanwhile, this potential
depends on ADS-economics, i.e. on a fraction of energy spent for accelerator and a capital cost of
accelerator [9];

•

The advantage of ADS - a tolerance to large reactivity insertion and to other anticipated reactivity
transients without scram, seems to be essential. However, this advantage can be realized in the frame
of economical acceptability if there is no large bumup-swing or other large "internal" sources of
reactivity insertions;

•

The potential of ADS in the fuel toxicity reduction and fuel inventory toxicity reduction seems to be
important at near future (transPu-burnout), as well as for long-term perspective (regarding deterministic
safety features realization) and for "reduction power" scenarios (residual waste burners with low
inventories).

The most promising ADS (regarding neutron surplus production) is the fast spectrum system based on
Uranium fuel cycle due to higher external (|i) and internal (G) neutron surplus production potentials.
Thorium fuel cycle is the most attractive regarding on a fuel waste toxicity for 100 - 30000 years. This cycle
seems to be attractive, if the importance of LLFP toxicity reduction and fuel breeding would be estimated
as less important. ADS can help to compensate a shortcoming of Thorium cycle in neutron surplus
production. However, deterministic safety feature concept realization can demand a higher fraction of
energy.
According to the general transmutation potential, TransPu-Burner is one of the most promising system
at near future for waste fuel toxicity reduction and LLFP-incineration. If one wants to minimize a park of
these Burners and to reduce an energy consumption for proton beam; it needs to use fast spectrum ADS
(slightly subcritical) with a stabilized (regarding reactivity swing) blankets. These ADS in a combination
with LWR's (closed Uranium cycle) allow to reduce the fuel waste toxicity by a factor of 100 in magnitude
and can be deterministic safe regarding reactivity type of accidents. Concluding, one has to reveal a
necessity and profitability of ADS use in nuclear power. The corresponding "niches" for ADS can be
formulated as the following:
•
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for transplutomum burnout (Uranium fuel cycle)

It seems that TransPu-fuel can not be used in critical reactors because an unacceptable neutronics (small
delayed neutron fraction, small Doppler effect, positive void effect, et c.)- Meanwhile, this fuel has some
attractive features: lack of Np-Pa type effects, a low burnup reactivity swing, positive neutron surplus in
fast spectrum. This stimulates to use the fast spectrum ADS with attractive economics.
Pu-bumup is also possible in similar ADS. However, Pu-fuel is rich of neutrons in any neutron spectra.
Hence, a justification of this ADS application is more problematic.
• for wide deterministic safety principles application, fuel breeding and LLFP-incineration (Uranium fuel
cycle) at the stage of long-term nuclear power development.
Breeding potential as well as LLFP-transmutation are sensitive to neutron surplus. ADS can enhance
this surplus. However, spallation neutrons are rather expensive and it seems reasonable to increase neutron
surplus firstly for the account of inherent neutronics potential of blankets (e.g. using fast spectrum
advantages) and then to use an external source if needed. An attractive compromise can be achieved on the
base of a fast spectrum slightly subcritical ADS with oxide or dense fuel.
• for a minimization both MA-production and fuel waste toxicity as well as for deterministic safety
principles use (Thorium fuel cycle).
ADS plays a more important role for Thorium cycle concepts due to an inherent neutron "tightness"
of Thorium family. The compromise between acceptable economics, deterministic safety and neutron
surplus potential is more difficult to achieve than for Uranium cycle.
• for residual waste bumout ("reduction nuclear power" scenarios) with a high flux and/or thermalized
neutron spectra ADS-concepts, due to a low fuel inventory requirement.
The potential niches of ADS are presented in the Table IV.
TABLE IV. ADS-PERSPECTIVE "NICHES"

Scenarios
near future

long-term future
(Uranium and Thorium fuel cycles)

+ TransPu-Burners
(closed fuel cycle)
Goals:

• Waste Reducer-Burner
(closed Uranium fuel cycle)
Goals:

TransPu-intensive burnup;

Reduction of fuel waste and LLFP;

Deterministic safety for
reactivity accidents;
Pu-rapid burnout (if
needed).

Deterministic safety for reactivity
accidents;
Acceptable economics.

stagnation or nuclear power
reduction

• Residual Waste Burner
Goals:
Minimization of residual
waste masses;
Reduction of LLFP-toxicity.

• Fuel Waste Toxicity Reducer

(closed Thorium fuel cycle)
Goals:

Small TRU-production:
Deterministic safety for reactivity
accidents.
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B.5. GENERAL ACCELERATOR ISSUES

The high power accelerator technology required for ADS has been under continuous development
over past decades. Linear accelerators, linacs, have been developed into highly reliable and efficient
research (and military) tools. There is confidence that a high power (200 mA, 1.6 GeV), continuous
wave (CW) accelerator can be built at a reasonable cost. On the other hand the technology of circular
proton accelerators, such as the segmented cyclotron or synchrotron recently improved so that a proton
beam of 10-15 mA is achievable. The cyclotron does not require a large physical area and has some
other benefits compared to a linac. In a recent evaluation it was found that the most efficient operating
current for a cyclotron-type machine would be -10 mA and for a linear accelerator -100 mA [see
references in the accelerator chapters in section D - Project Review].
To provide external neutrons for a subcritical reactor, the proton beam must be stable, and the beam
current well controlled so that there would be minimal power fluctuations in the subcritical assembly.
Persistent power fluctuations may damage the fuel elements, especially in the case of metal fuel. The
choice of the accelerator will be determined by economy and by the physical limitation of the proton
current intensity.

The cyclotron is definitely cheaper, however, the space charge limitation puts the upper limit of the
proton current - for the current state of the art - at about 10-20 mA. Linear accelerators do not have this
limitation and it is believed that the construction of the linear accelerator with 100 mA proton current
and energy of the order 1 GeV is possible without an extensive R&D program. However, if one linear
accelerator will drive a few subcritical reactors by splitting the beam, there is a serious safety concern in
the case of malfunction of the dividers leading to dumping of the full beam power into one target.
Moreover, malfunction of the single accelerator supplying several subcritical reactors with source
neutrons shuts down the entire system. This is not a desirable situation for a commercial facility
supplying electricity to the consumers.

B.5.1

CYCLOTRON FOR PROTON ACCELERATOR

Although one large accelerator can run several reactor targets, it might be practical to use a number
of small cyclotrons. Cost might be increased by independently operating several small reactors, but it
would alleviate several difficulties, such as splitting and controlling the high current beam. A cyclotron
of 1.1 MW beam power has been developed in PSI for a 600 MeV proton accelerator.
Because of the nearly linear energy-dependence of the number, of spallation neutrons for protons
with energies ranging from 1 -3 GeV, beam current and beam energy can be traded off. These factors
may favor the use of "multistage-parallel" cyclotrons over the linear accelerator.
While the price is almost proportional to the energy needed for the latter system, doubling or
tripling the energy of a cyclotron is much less costly. On the other hand, the maximum achievable beam
current of a cyclotron is rather limited, especially at low energies.
These conditions lead to the concept of the so-called "multistage-parallel" cyclotron arrangement,
consisting of several low-energy, low-current cyclotrons feeding into one high energy cyclotron. (See
Section D.3.)
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C. RESEARCH AND DEVELOPMENT - GENERAL ISSUES
H Takahashi and W Gudowski

C 1 RADIATION DAMAGE
High-current medium-energy protons injected into the target generate, by spoliation reactions,
neutrons and charged particles with energies reaching the level of the accelerated protons This causes
severe radiation damage in the section of the window, the target, and the wall material surrounding the
target The most important type of radiation damage to materials stems from the displacement of lattice
atoms resulting from the collision of the projectile particle upon the target atom or from the recoil
energy that the atom receives upon emission of a nuclear particle, for example the atom recoil upon
absorption of a neutron and emission of a capture y-ray When an atom is displaced from its lattice site
and comes to rest in between lattice atoms, a vacancy and an interstitial have been created [1] The
vacancies may aggregate together, and similarly the interstitials, form vacancy-type and interstitial-type
defect clusters These defect clusters are primary agents for causing radiation hardening and
embnttlement The primary effects of concern with regard to the use of materials in the vicinity of the
proton beam are changes in mechanical properties and dimensional stability The major mechanical
property changes are hardening and embnttlement, and the embnttlement manifests itself in several
ways radiation-produced defect clusters (aggregates of vacancies and interstitials), helium aggregation
into bubbles and ductile-bnttle transition defects A further type of radiation damages consists of the
impurities introduced by the formation of transmutation products [2]
The analysis indicate that the surrounding wall as well as the window suffers high radiation
damage, so that the former must be replaced frequently in a transmuter with a high current accelerator
The analysis of hydrogen and helium production indicates that hydrogen is deposited in the system
by the spreading of the proton beam ansmg from multiple Coulomb scattenng Hydrogen generated as
a secondary proton of (n,xp) or (p,xp) as well as deuterons and He generated through evaporation
processes, are slowed down and deposited mainly in the target
Because accelerated protons produce spallation neutrons and protons in the target and window areas
with energies above the atomic displacement, and also produce hydrogen and helium, the problem of
radiation damage is expected to be substantial when a high-power accelerator is used for a large
subcntical reactor Using the small proton current associated with small sub-cnticality avoids this
senous problem
These findings indicate that, in designing the proton-accelerator based transmuter, the radiation
damage to the beam window section and the side walls of the target should be investigated carefully
Moreover, the radiation damages in structural matenals of the accelerator-dnven system can be higher
than in c orrespondmg critical reactors because of the existence of high energy spallation neutrons
[3][4] Calculations of neutron energy spectra and fluxes are required so damage parameters can be
determined and a better assessment of candidate alloys can be made
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C.2 NUCLEAR DATA CODES

Proper calculations of accelerator-driven systems require more elaborate computer models than
modeling for conventional critical reactors It is necessary to couple two transport problems the
transport of the medium energy charged particle (1-3 GeV) in the spoliation target with the transport of
neutrons down to low energy range Neutron transport problems in the fission-range of the energies
have been the subject of reactor physics for half of a century Transport problems with the charged
particles were mainly the domain of accelerator physics and radiation protection
A descnption of fission neutron transport codes and burn-up codes is far beyond the scope of this

report, we give here only a brief descnption of the codes which integrate/couple modeling of the
charged particle transport and spallation processes with the neutron transport in the energy range up to
the GeV region

Due to interest in accelerator-driven systems, as well as in other areas of application, such as
radiooncology, accelerator shielding, astrophysics, and radiation dunng space travel, the nuclear reactor
community undertook new initiatives to assess the reliability of the current nuclear models and to
develop better transport codes, for example, the OECD NEA meeting (The findings are documented in
the proceedings of a specialist meeting at Issy-Les Mouhnaux, France, 30 May-1 June 1994)
When medium-energy protons collide with a nucleus, the nuclear reaction occurs by a two-step
process of spallation and evaporation of the residual nucleus (see Fig 1 section B 2 ) When the residual

nucleus has a large mass and a moderately high excitation energy, then it might undergo fission in
competition with the evaporation reaction The third process is emission of the cluster and emission of
the partic le, the so-called pre-equilibnum emission particle, before reaching the thermal equihbnum
state Neutron and photon transport below the energy of 20 MeV has been accurately estimated in
conventional reactor calculations which are very familiar to the nuclear engineer
In the first step of the spallation process, the transport of the nucleon in the nucleus can be treated

with the classical model because the nucleon's wavelength inside the nucleus is smaller than the
average 'spacing The collision of the nucleon with a nucleon is treated as a two-body collision The n
meson of 7t* and K which are created in the nucleon-nucleon collision are also included in calculations
of the cascade process, thus, the basic data for a two-body collision between a pion and nucleon is
required to descnbe the cascade process for the meson In the nuclear cascade codes NMTC [1] and

HETC [2], [3], the evaluation of a nucleon-nucleon collision is obtained from Bertim's [4] data, and the
production of a meson is treated by using the Isobar model developed by Sternheimer and Lmdenbaum
15]
Since the nucleon is a fermion, the nucleon which is scattered below the Fermi energy is forbidden
as a real scattenng event Such events are discarded, and another scattenng event is calculated When
the kinetic energy of the scattered nucleon through the nuclear surface is above the binding energy of
the nucleon, this nucleon escapes from the nucleus with kinetic energy minus its binding energy
When the nucleon's kinetic energy inside the nucleus is less than the binding energy , the nucleon
gives kinetic energy to the nucleus as excitation energy This energy thermahses the nucleus, and
neutrons,, protons, or other light nuclei are evaporated When this excitation energy surpasses the fission
bamer in the heavy nucleus, fission events will compete with the evaporation of light-element particles
The particle emitted from the collision of the nucleus travels until its next nuclear collision (called
an inter-nuclear cascade) This process is repeated until the energy of the particle falls below the cut-off
energy When the particle emitted or scattered from the nucleus is a charged particle, its energy is lost
by exciting the electron surrounding its tracking path As the particle slows down its wavelength
become^ longer than the average distance between the nucleons, then, the reaction cannot be described
as a two-body collision of the nucleon or meson, and must be descnbed by quantum mechanics, using
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the optical potential model.

The NMTC and HETC codes are the system codes which calculate, by the Monte Carlo method, the
nuclear reactions of protons, neutrons, and pions above the cut-off energy and the transport of these
particles in heterogeneous media. In these codes, the cascade of a nucleon in the nucleus is calculated
by the code MECC2, developed by Bertini; the evaporation process is calculated from the excited
nucleus by EVAP developed by Dresner [6]. Particle transport within the heterogeneous medium is
calculated by many subroutines developed in the O5R codes [7]. Furthermore, many subroutines were
added to calculate the transport of the charged particle and the nuclear reactions associated with the
pions.
The original NMTC and HETC codes cannot calculate high energy fission which is very important
for targets with high atomic number, such as Uranium or the actinides. To treat this high-energy fission
reaction, many authors have developed their own codes. By adding their own fission models to the
NMTC code, the NMTC/JAERI [8]and NMTC/BNL [9] codes were generated. The LAHET code
[10]was made by adding the Rutherford Appleton Laboratory (RAL) [11] and ORNL models [12] to
the HETC code. Besides the NMTC and HETC, the ISABEL code [13] was developed from the
VEGAS code [14] which can treat the refraction process. The LAHET code offers the option of using
the ISABEL model in addition to the HETC code; LAHET treats the light mass nuclei's cascade by
Fermi's break-up model. Furthermore NMTC/JAERI and LAHET (see section D) have the capability
to handle the pre-equilibrium process based on the Exciton model.
Other nuclear cascade codes, such as FLUKA [15] (see also section D.3.) and CASIM [16] were
developed by the high energy community and are continuously upgraded in order to be useful for ADScalculations (e.g. through incorporation of the high energy fission processes).
At the OECD/NEA, conducted a study in two areas of microscopic nuclear physics, using the data
from a thin target benchmark, and developing transport capability using thick target physics. Model
codes such as ALICE92, PREQAQ2, GNASH, KAPSIES, FLUKA, FKK_GNASH, CEM92, and
LAHET codes have been evaluated. In the evaluation of the thick target, the codes of LAHET(LANL)
and FLUKA (CERN/Milano) and NMTC (JAERI) and HETC-THERMES (KFA-Jiilich), LAHETMCNP(LANL), CALOR(ORNL), SHffiLD-SITHA(INR, Dubna) and SOURCE (Ansaldo, Italy) were
discussed, as well as the group cross-section libraries -HELO86/400 MeV, LANL/800MEV and LAHIKFA/2.8 GeV. As benchmark experiments, the following experimental data were described;
COSMOTRON/ FERICON-LANL/CHALK RIVER, SUNNYSJDE-LANL, Stop Targets-LANL,
Vassylkov experiments [17] (see also ICANS-XI, 1990, Shielding experiments at beam stop at PSI and
LANL, a Japanese review of shielding experiments). For evaluating energy deposition and target
heating, LANL-LANSCE and ANL/ RAL spoliation sources provide very valuable data.
To evaluate calculations of radionuclide decay, it is desirable that the newly developed codes, such
as ORJJHET/PSI and CINDER 90/LANL, are available to the scientific community.
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ACTIVITIES
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D. 1. JAERI AND PNC - OMEGA PROJECT (JAPAN)
D.1.1. JAERI ACCELERATOR DRIVEN SYSTEM PROJECT

Takakazu Takizuka
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-11 Japan

D. 1.1.1. INTRODUCTION
Among the issues relevant to development and utilization of nuclear energy, the management of highlevel radioactive waste (HLW) arising from the reprocessing of spent nuclear fuels is the most important,
as well as the safety assurance of nuclear installations. The hazard potential of transuranic actinides and
fission products in the HLW is high due to their radioactivity. Of particular concern are the nuclides with
very long half-life whose hazard potential remains high for millions of years.

The scheme, which is the main candidate for long-term waste management in most nuclear countries
is the permanent disposal of unpartitioned HLWs, or unreprocessed spent fuels, into a stable geological

formation to isolate them from the human environment. However, considerable attention has been directed
towards partitioning and transmutation (P-T); separating long-lived nuclides from HLW and converting
them into shorter-lived or non-radioactive ones. Improvements of long-term safety assurance in the waste
management and possible beneficial use of valuable resources in the wastes can be expected through the
establishment of the P-T technologies.
In Japan, a national program called OMEGA was started in 1988 for research and development of new
technologies for P-T of nuclear waste. Under the OMEGA program, the Japan Atomic Energy Research
Institute (JAERI) is carrying out research and development for proton accelerator-driven transmutation,

together with transmutation with fast burner reactor and advanced partitioning technology.
The project on proton accelerator-driven transmutation at JAERI includes a conceptual design study
of transmutation systems and development of an intense proton accelerator. Two types of accelerator-driven
transmutation system are proposed: a solid system and a molten-salt system. They are dedicated systems
specifically designed for the purpose of nuclear waste transmutation. In either system, an actinide loaded
subcritical blanket is driven by a proton accelerator and utilizes a hard neutron spectrum to bum actinides
efficiently.
In this report, an outline of the OMEGA program in Japan and the P-T studies at JAERI will be given
to enable a good understanding of the background of the JAERI project. The description of proposed
system concepts will then be presented in some detail.
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D 1 1 2 OMEGA PROGRAM IN JAPAN

Nauonal policy for managing the HLW in Japan is based on disposal in a deep underground repository
in a stable geological formation after solidification into a stable form and decay heat cooling for 30 to 50
years Many R&D efforts have been devoted to establishing technologies for safety disposal and
methodologies for safety assessment

In addition to this national project, the Japan Atomic Energy Commission submitted in October 1988
a report entitled "Long-Term Program for Research and Development on Nuchde Partitioning and
Transmutation Technology" to promote research and development on separation of nuchdes contained in
HLW according to their half-lives and potential usefulness, and transmutation of long-lived nuchdes into
short-lived or non-radioactive ones This program is nicknamed "OMEGA", which is the acronym derived
from "Opuons Making Extra Gains from Actimdes and fission products "
It was stated that the research on P-T is extremely important from the standpoint of conversion of HLW
into a useful resource and improvement of the safety and efficiency of disposal The report plots a course
for technological development up to the year 2000
The program aims to widen options for future waste management and to explore the possibility of
utilizing HLW as useful resources The program is also expected to revitalize the nuclear option as we
move into the 21st century In addition, the advancement of technologies such as accelerator technology,
as advocated in this program, will provide potential spin-offs for other fields of science and technology

The program is led by the Science and Technology Agency (STA) with the collaboration of three major
research organizations, JAERI, the Power Reactor and Nuclear Fuel Development Corporation (PNC) and
the Centnd Research Institute of Electric Power Industry (CRJEPI) The program is to be conducted in two
steps phase-I and II Phase-I covers a period up to about 1996, and phase-JJ covers a period from about
1997 to about 2000 In general basic studies and testing are to be conducted in phase-I to evaluate various
concepts and to develop required technologies In phase-El, engmeenng tests of technologies or
demonstrations of concepts are planned After the year 2000, pilot facilities will be constructed to
demonstrate the P-T technology
It is 10 be noted that the program is conceived as a research effort to pursue benefits for future
generations through long-term basic research and development, and hence not to seek a short-term
alternative to established or planned fuel cycle back-end policies
The OMEGA program consists of two major R&D areas, the group separation of elements from HLW
based on their physical and chemical properties and potential value of utilization, and the transmutation
of minor actmides (MAs) and long-lived fission products (FPs) into shorter-lived or stable nuchdes The
outline of the program is shown in Fig 1
D 1 1 3 PARTITIONING AND TRANSMUTATION STUDIES AT JAERI

A partitioning process has been developed to separate elements in the HLW into four groups,
transuranium elements (TRU), Sr-Cs, Tc-platinum group metals and the other elements [1] A series of
laboratory-scale tests with the actual or synthesized HLW indicated that the proposed partitioning process
was promising The hot test of the entire process is to be conducted with the actual HLW at the Nuclear
Fuel Cycle Safety Engineering Research Facility (NUCEF), Tokai The chemical engmeenng test is also
planned to start in 1996
A special transmutation device designed to operate with a very hard neutron energy spectrum and high
neutron flux can be very efficient and effective for MA transmutation In this context, JAERI has been
pursuing the concepts of an actmide burner reactor (ABR) [2] and an accelerator-driven system as dedicated
transmuler, rather than transmutation schemes based on MA recycling to commercial power reactors

nfransmutation]

[Partitioning]
Wel Process
Dry Process

Actinide

if

|-T RU Group-.
4p-U7
'"• Ml. -MJ.
An-

[c.- U4.0C.

|j
k>
i

F8R

\
LWR

Spent

!|

Accelerator

tt

Hlfk

PNC

CRIEPI
JAERI

i

II

Level

JAEBl

Burnet Reacto.

Wel Process ^
JAERI
1
PNC

i'

JAERI

utilization

,______ _ j

Wme
(HU.W) ..Dry Process

|

t

CRIEPI
PNC
JAERI

Insolu die Residue

PNC

Ci Group -.
I"*'
!0. Ci-l}7|

. l^•
,1

^
''"

Accelerate

PNC

Utilization

' rTe-N»bk Metal Groap,
I 1 Tc- )9.«h. Ku Pd I
1

Utilization

FIG. 1. P-T R&D activities under OMEGA Program.

With a dedicated transmuter, the troublesome MAs from the waste management view point could be
confined in a P-T fuel cycle for transmutation, which forms a second stratum separated from the first one
of a commercial fuel cycle for power generation. The concept of double-stratum fuel cycle is illustrated in
Fig. 2. It can offer substantial advantages such as high transmutation rate, high transmutation capability,
effective confinement of MAs, and no negative impact on the power reactor operation. There will be no
additional shielding and cooling requirements to the existing commercial fuel cycle.
JAERI has proposed construction of an intense proton linear accelerator called the Engineering Test
Accelerator (ETA) with 1.5-GeV beam energy and 10-mA average current. The main objective of ETA is
to perform various engineering tests for accelerator-driven transmutation and other possible nuclear
engineering applications. Toward this end, accelerator components have been developed and tested [3].
D.I. 1.4. ACCELERATOR-DRIVEN TRANSMUTATION SYSTEM CONCEPTS

JAERI R&D includes the conceptual design study of an accelerator-driven transmutation plant, the
development of a spoliation simulation code system [4, 5], and the spoliation integral experiments [6].
In the design study of the transmutation plant, two types of system concepts are being investigated; a
solid system and a molten-salt system. In either system, an MA-loaded subcritical blanket is driven by a
high-intensity proton accelerator and makes use of a hard neutron spectrum to transmute MAs efficiently
by fission.

A small delayed neutron fraction in actinide fuel and a short neutron life-time, coupled with a small
Doppler coefficient, tend to make the consequences of reactivity-initiated transient severe in critical fast
reactors. The accelerator-driven subcritical system that is driven by external spoliation neutrons can mitigate
this safety problem and provide large margins for increasing flexibility in the design and operation. It also
has an advantage in that the power of the subcritical blanket can be easily controlled by adjusting the power
of incident proton beam.
The goal of the conceptual design study is to develop technically feasible concepts of the acceleratordriven transmutation system. The proposed plant is designed as a dedicated system that transmutes about
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Concept of double stratum fuel cycle.

250 kg of MAs per year, which corresponds to the actimde production rate from operation of about 10 units
of 3,000 MW, light water reactor The capacity of the unit transmutation plant was chosen tentatively based
on a preliminary strategic study of the partitioning and transmutation system [7] The subcritical blanket
is required to operate at a multiplication factor of around 0.9 or more to reduce the scale of the proton
accelerator and improve the energy balance of the total system.
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D l . l 5 SOLID SYSTEM

A schematic diagram of the proposed transmutation system concept [8] is shown in Fig. 3. The design
of the system is based on the state of the art technology for a sodium-cooled fast reactor.
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Concept of accelerator-driven transmutation system.

The accelerator injects a 1 5 GeV proton beam through the beam window into the target located at the
center of the target/blanket The target is made of solid tungsten. Surrounding the target is the subcntical
blanket loaded with actmide alloy fuel
A large number of neutrons are released by spallauon reactions in the target, and induce further fission
in the actmide blanket region The target/blanket generates a total thermal power of 820 MW, and is cooled
by the forced upward flow of sodium primary coolant. Heat is transported through the pnmary and the
secondary loops to the power conversion system. In the energy conversion system, thermal energy is
converted into electricity A part of electric power is supplied to the systems own accelerator.
D.l.1.5.1. Actinide alloy fuel

A metallic alloy of MAs is used as the fuel in the reference design of the solid system. In order to
maintain a sufficiently high phase stability of the alloy, the fuel is composed of two distinct alloy systems:
Np-15Pu-30Zr and AmCm-35Pu-10Y. These alloy systems are proposed for a conceptual sodium-cooled
actmide burner reactor [2]. Metallic fuel allows to implement a compact fuel cycle based on pyrochemical
processes and provides a hard neutron spectrum.
In this design, the maximum fuel temperature is limited to 1173 K, because of the expected low melting
point of MA alloy An actmide fuel slug with a diameter of 4 mm is sodium-bonded to cladding that is
made of oxygen dispersion strengthened (ODS) steel. The outside diameter of the cladding is 5.22 mm, and
the thickness is 0 3 mm The maximum cladding temperature is limited to 998 K.
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A conceptual drawing of the fuel subassembly is shown in Fig. 4. The design of the fuel subassembly
is of pin-bundle type, based on the current design practice for fast reactors. An unique design feature in the
fuel subassembly containing highly heat generating actinides is the incorporation of measures to ensure
sufficient cooling during out-of-blanket handling operations. The structure members are six tie-rods near
the corners rather than a conventional hexagonal wrapper tube. The subassembly has 55 fuel pins arrayed
in a relatively wide triangular pitch of 8.7 mm. Fuel pins containing Am and Cm are arranged on the
outermost row of the array while Np-containing pins are arranged on the inner rows. The fuel subassembly
has a dimension of 68 mm between flat faces.
The active length of a
fuel pin is 1.4 m. Each

fuel pin contains a gas
r „=„,.?,:.,

__

vent

mechanism

and

upper reflector in its
upper section. The gas
vent mechanism releases
excess internal pressure
due to accumulation of

gaseous and volatile
fission
products,
allowing to achieve a
very
high
burnup.
Because of the relatively
Reileclor Block

wide fuel pin spacing,
gnd type spacers are

employed rather than
wire wrap spacers.

FIG. 4. Actinidefuel subassembly.

Sodium coolant at

603 K enters the subassembly from the entrance nozzle at the bottom, and flows upward through the space
between fuel pins, and exits from the handling head at the top. Maximum coolant velocity within the

subassembly is limited to 8 m/s in the design to avoid the possibility of flow-induced vibration of fuel pins.
The total length of the fuel subassembly is 4.1 m.
Fuel design parameters are summarized in Table I.

TABLE I. SOLID SYSTEM FUEL DESIGN PARAMETERS
Fuel Composition
Slug Diameter
Cladding
Material
Outer Diameter

Thickness
Active Length
Pins/Subassembly
Pin Pitch
Maximum Design Temperature
Fuel

Cladding_________
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Np-15Pu-30Zr

AmCm-35Pu-10Y
4.0 mm
ODS Steel
5.22 mm

0.3 mm
1400 mm
55
8.7mm
1173 K
998 K

D.l.1.5.2. Target

A conceptual drawing of the target subassembly is shown in Fig. 5. Tungsten was chosen as the
material for the solid target because of its high temperature capability. The target is inactive, or it does not
contain any fissile or fissionable materials. This eliminates the high power peaking at the target, and thus
considerably flattens the lateral power distribution in the target/blanket.

The target consists of
layers of tungsten disk.
This type of target
configuration was chosen
from the nuclear and
thermal-hydraulic
considerations. It is
designed to maximize the
number of
emitted
neutrons and to flatten
the shape of axial
Tungsten Disk (Odd Laytr)
Tungsun Disk (Even Layer)
distribution of neutron
flux. The upper part of
the target subassembly
has six 15-mm thick
disks spaced 51 mm
apart and the lower part
/
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coolant passage. They are arranged to stagger from layer to layer to avoid the possibility of direct
penetration of high energy particles through the target.
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The target subassembly has the same dimension of 68 mm between flat facesas that of the fuel
subassembly. Unlike the fuel subassembly, the target subassembly has a hexagonal wrapper tube to prevent
an undesirable cross flow, which would be driven by lateral pressure difference due to the dissimilar
hydraulic characteristics between the target and the fuel subassemblies.
In the target subassembly design, the maximum coolant pressure drop is limited to 250 kPa, and the
maximum coolant velocity is limited to 8 m/s. The allowable peak tungsten temperature and maximum
tungsten surface temperature are conservatively set at 1830 K and 950 K, respectively. The coolant
temperature rise through the target is limited within the average coolant temperature rise through the
target/blanket so that the target exit coolant flow can further cool the beam window sufficiently.
Sodium coolant at 603 K enters the subassembly from the entrance nozzle at the bottom, and flows
upward through the coolant channels in the tungsten disks, and exits from the handling head at the top. The
total length of the target subassembly is 2.86 m. The shorter total length compared with the fuel
subassembly is due to the absence of upper reflector.
D.I. 1.5.3. Target/blanket configuration

The target/blanket consists of a tungsten target region, an actinide fuel region, and reflectors. Figure
6 shows the plan view of the target/blanket. The target region is located in the center of the target/blanket.
The target consists of 61 target subassemblies, which together form an approximate right circular cylinder,
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with a diameter of about 0 56 m and a height of 1.4 m.

Beam Window (o«60|

Blanket Barrel (*3000)

69

Tungsten Target Subassembly

FIG. 6.

(61)

Acimide Fuel Subassembly

(378)

Rellecior Subassembly

(918)

Target/blanket configuration.

Surrounding the target region is the actinide fuel region having the form of an annulus, 1.52 m in

outside diameter and 1.4 m in height. The fuel region is made up of 378 fuel subassemblies.
The actinide fuel region is in turn surrounded by reflectors made of stainless steel. The approximate
thickness of the side reflector is 0.6 m. The side reflector is made up of 918 reflector subassemblies having
the same cross sectional dimensions as the target and the fuel subassemblies. The upper and lower parts
of the Subassembly constitute the upper and lower axial reflectors, respectively. The thickness of the axial
reflector is about 0.4 m. Above the target region, the upper reflector is not provided for an incoming high
energy pioton beam.

All of these subassemblies are arranged in a common triangular array with a pitch of 69 mm. The whole
target/blanket including reflectors is contained within a target/blanket vessel made of steel as shown in Fig.
7 The vessel diameter is about 4.6 m and the height is about 14 m.
A vertical tube for the beam path is inserted into the target/blanket vessel down to just above the target

region. The bottom end of the tube is the beam window which separates the accelerator vacuum and the
target/blanket operating pressure. The beam window is made of ODS steel and has the form of a
hemispherical shell. High energy protons are injected vertically downward through the beam window into
the targei.
The target/blanket has a loop type configuration. The inlet temperature of the primary sodium coolant
is 603 K. The coolant enters the vessel through inlet nozzles, flows downward through the annular space
along the vessel wall to the lower plenum. Then, it turns upward through the target/blanket, removing the
heat from the target and fuel subassemblies. The beam window is cooled by impinging coolant flow from
the target exit. The coolant then flows into the upper plenum and exits from the vessel through outlet
nozzles. The outlet temperature of the coolant is 703 K on average.
The volume of active blanket is about 2 m3. Maximum coolant flow velocity through the active
targetyblanket is set to 8 riVs. Sodium temperature at the target/blanket inlet is selected to be 603 K. This
somewhat lower coolant temperature than in standard sodium-cooled reactors helps to achieve a high
target/blanket power density, or a high transmutation rate, at the expense of degrading the power
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conversion efficiency.

Target/blanket design parameters of the solid system are summarized in Table n. A conceptual drawing
of the target/blanket facility is shown in Fig. 8.
TABLE H. SOLE) SYSTEM TARGET/BLANKET DESIGN PARAMETERS
Proton Beam
Energy
Diameter
Tungsten

Target
Fuel
Reflector
Stainless Steel
Active Blanket
Volume
Height
Coolant
Sodium
Maximum Velocity
________Inlet Temperature

1.5 GeV
400mm
TRU Alloy
2m 3
1.4m
8m/s
603 K
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D.I.1.5.4. Heat transport system
Heat transport and power conversion systems in the plant design is based on the current technology for
a sodium-cooled fast breeder reactor plant. Figure 9 depicts the schematic flow diagram of the heat
transport and power conversion systems.

The primary heat transport system consists of two sodium coolant loops. Each primary loop has an
intermediate heat exchanger and a primary pump. The secondary system also consists of two sodium loops,

with each having a steam generator and a secondary pump. Steam produced in the steam generators is
supplied to the power conversion system.
A primary auxiliary cooling system consists of two NaK loops. This system is provided as an
independent means of removing afterheat in the target/blanket. The afterheat is ultimately rejected from
the air coolers to natural draft of atmospheric air through stacks

A Air Out

Proton Accelerator

Alternator

Feed Pump

I 330-c
Target/Blanket

PnP

Intermediate
Heat Exchanger

Secondary
Pump

\_A Loop

FIG. 9.

Schematic flow diagram of heat transport and power conversion systems.

Parameters of the heat transport system are summarized in Table III
D.l.1.5.5. Power conversion system

In the power conversion system, steam raised in the steam generators drives a single turbine alternator

to produce electricity Because of the relatively low operating coolant temperature for a sodium-cooled
system, the steam condition is similar to that of a conventional light water reactor plant, thermal efficiency
being roughly 30%.
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TABLE IE. HEAT TRANSPORT SYSTEM DESIGN PARAMETERS
Primary System
Coolant Loops
Temperature

2 x Na Loop
IHX Inlet

Components
Secondary System
Coolant Loops
Temperature

703 K

IHX Outlet 603 K
IHXs, Primary Pumps
2 x Na Loop
SG Inlet
663 K
SG Outlet
563 K
SGs, Secondary Pumps

Components
Auxiliary Cooling System
Coolant Loops
2 x NaK Loop
_____Components__________Air Coolers, EM Pumps

Parameters of the power conversion system are summarized in Table IV.

TABLE IV. POWER CONVERSION SYSTEM DESIGN
PARAMETERS

Cycle
Working Fluid
Turbine Inlet Temperature
Components

Saturated Steam Cycle
Water/Steam
558 K
Turbine, Alternator,
Condenser, Feed Pump
Electric Output
246 MW
Efficiency_______________30%_______ __

D.I.15.6. System performance

Figure 10 is the calculated power density distribution in the target/blanket. The target/blanket generates
a total thermal power of 820 MW for the 1.5 GeV and 39 mA proton beam. The actinide fuel region
generates 800 MW, and the target region, 20 MW,. In the fuel region, the maximum power density is about
920 MW/m3 and the average power density, about 400 MW/m3. The maximum power density in the target
regions is about 360 MW/m1. considerably lower than that in the fuel region.
The calculated temperature distributions along the fuel pin in the hot channel are shown in Fig. 11.
Sodium coolant temperature at the hot channel exit is 746 K. The maximum temperature of the ODS steel
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cladding is 801 K. This value is well within its design limit of 998 K. The maximum fuel center-line
temperature is 1093 K, which is very close to the maximum allowable temperature of actinide alloy fuel.
This indicates that the peak fuel temperature determines the maximum achievable thermal power in the
target/blanket.
The target/blanket operating parameters are given in Table V.
TABLE V. SOLED SYSTEM TARGET/BLANKET OPERATING CONDITION

Proton Beam Current
Actinide Inventory
Effective Multiplication Factor
Spallation Neutrons per Proton
Fissions per Proton
(> 15 MeV)
(< 15 MeV)
Neutron Flux
Mean Neutron Energy
Bumup
Thermal Output
Fuel Region
Target Region
Total

39 mA
3160 kg
0.89
40 n/p
0.45 f/p
100 f/p
4 x 1015 n/cm2 s
690 keV
250 kg/y

800 MW
20 MW
820 MW

Power Density

Maximum
Average
Linear Rating
Maximum
Average
Coolant Outlet Temperature
Maximum
Average
Fuel Temperature
Peak
Surface Maximum
Clad Temperature
Inside Maximum
Outside Maximum

930 MW/m3
400 MW/m3
61 kW/m
27 kW/m
746 K
703 K
1163K
821 K
801 K
757 K

The actinide inventory in the blanket is about 3,160 kg. The effective neutron multiplication factor is
calculated to be 0.89. For an incident proton, approximately 40 neutrons are emitted by spoliation reaction
in the target region. About 100 fissions are induced per proton in the fuel region. Assuming a load factor
of 80%, the actinide burnup is approximately 250 kg, corresponding to 8% of the actinide inventory, after
one year in operation. Table VI shows the result of bumup calculation. With burnup, the effective neutron
multiplication factor increases to 0.93 at 300 days, and then decreases to 0.83 at 1800 days.
A fairly hard neutron spectrum is achieved in the target/blanket. The average neutron energy is about
690 keV. Figure 12 depicts the neutron spectrum averaged over the target/blanket.
An electric power of 246 MW is produced with the 820-MW thermal power at a plant thermal
efficiency of 30%. Assuming an efficiency of 40% for the 1.5 GeV-39 mA proton accelerator, the electric
power required to operate the accelerator is about 146 MW. This means that the proposed system is more
than self-sufficient in terms of its own energy balance, having the capability to supply some 100 MW
surplus electricity to the external grid.
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TABLE VI. BURNUP CALCULATION RESULTS

Initial Inventory

Nuclides

(kg)
Fuel
Uranium
U-235
U-236
U-238
Plutonium
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

Minor Actinides
Neptunium
Np-237

0
0
0

0
0
0

13
401
292
69
38

401
292
69

13

38

1861

1861

Americium
Am-241
Am-242m
Am-243

292
0
133

Curium
Cm-242
Cm-243
Cm-244
Cm-245

Mass Balance in EOC (unit: kg)
BOC
EOC
EOC - BOC

292
0
133

0
0.3
57
5.1

0
0.3
57
3.1

Other Actinides
0
0
Transmutation Capability (kg/GWt EFPY)

0.9
0.2
0.0

+ 0.9
+ 0.2
+ 0.0

470
156
193
34
47

+ 457
-246
-99
-35
+ 8.9

593

- 1268

95
9.5
57

-197
+ 9.5
-77

7.2
1.0
61
10

+ 7.2
+ 0.7
+ 4.8
+ 7.2

0
307

0

D. 1.1.6. MOLTEN-SALT SYSTEM
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A preliminary conceptual design study is being
performed on an 800-MWt molten-salt target/blanket
system as an advanced option for an accelerator-driven
nuclear waste transmutation system [9]. Figure 13
schematically shows the proposed molten-salt system
concept. Chloride salt with a composition of 64NaCl5PuCl3-31MACl3 (where MA represents Np, Am, and
Cm) is chosen for the molten-salt system based mainly
on the consideration of actinide solubility. The molten-

salt acts both as fuel and as target material, and at the
same time it also serves as coolant in the molten-salt

,., tar-get. n,
,
system.
This significantly
the target/blanket
J
6
J simplifies
F
&
c,~ ,~ ,,
FIG.
12. Neutron spectrum off solid
/blanket.
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system configuration
A high energy proton
beam at 1.5 GeV is
injected into the central
target/blanket
region
through
the
beam
w indov* The target/
blanket
region
is
surrounded
by
an
internal reflector Intermediate heat ex-changers
and salt pumps are
installed in the annular
region around the internal reflector This mvessel heat exchanger
design minimizes the
total actmide inventory
in the system
The molten state of
fuel provide the possibility of on-line processing of reaction product
removal Fig 14 shows
the conceptual flow
diagram of on-line FIG 13
separation system for a
molten-salt target/blanket

Pump
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Heal E tchanger
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Concept of molten-salt target/blanket system

Proton Beam

D.I.1.6.1. Actinide fuel salt
Molten-Salt
Pump

Molten-Salt
Target/Blanket
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Cold Trap
500 - S50°C

Molten-Salt Flow
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Molten fluonde salt fuel of LiFBeF2-ThF4-UF4 has been demonstrated
in the 1960s at the Oak Ridge National
Laboratory in the Molten Salt Reactor
Program The solubility of Th in the
fluonde salt is sufficiently high (> 10
mol%) in the operating temperature
range, whereas the solubilities of U
and Pu are rather low (< 1 mol%) The
solubilities of MAs in the salt are not
expected to be sufficiently high The
low solubilities of MAs together with
the low mass numbers of constituent
elements preclude the use of LiF-BeF2
as fuel for fast neutron systems

Molten chlonde salt is more
attractive since it has high Pu
solubility and the mass number of Cl is
FIG 14 Conceptual flow diagram of on-line separation system about twice of that of F The NaClfor molten-salt target/blanket
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PuCl3 system has an eutectic terriperature of 726 K for the composition 64NaCl-36PuCl3. The solubilities
of MAs in the salt are not known, but Pu in the chloride salt may be replaced by any MAs. The chloride
salt selected for the design study of the molten-salt system is 64NaCl-5PuCl3-31MACI3 (where MA
represents Np, Am, and Cm).
One of the major problems with molten chloride salts is the material compatibility, which is vitally
important in the application to nuclear systems.
D.I.1.6.2. Target/blanket configuration
The target/blanket is designed for 800-MW thermal power. As shown in Fig. 13, a high energy proton
beam is injected downward into the central cavity filled with molten chloride salt through the beam
window. The central cavity has the form of a right circular cylinder of 0.8 m in diameter and 1.7 m in
height. The molten salt acts as target material and also as fuel. This eliminates the physical and functional
separation between target and blanket, and thus significantly simplifies the target/blanket configuration.
MA is mainly transmuted in this region by fast fission and spoliation reactions.

The central cavity is surrounded by an internal reflector with a thickness of 0.3 m. The intermediate
heat exchangers and molten-salt pumps are located around the internal reflector in the target/blanket vessel.
The internal reflector protects the heat exchangers and pumps from the radiation damage. The intermediate
heat exchangers are of compact type with plate-and-fin configuration, where heat in the primary molten salt
is transferred to the secondary fluid of molten fluoride salt The in-vessel heat exchanger design minimizes
the total volume of the primary salt and the total inventory of actinides in the system. The molten-salt
pumps are of a motor-driven mechanical type and circulate the primary salt through the heat exchangers
to the central cavity. The dimensions of the target/blanket vessel are 2.9 m in diameter and 2.3 m in height.
The thickness of the upper, lower, and side reflectors are 0.2 m, 0.4 m, and 0.4 m, respectively.
The beam window is a hemispherical shell of 0.4 m in diameter cooled by primary molten-salt flow.
D.l.1.6.3. System performance

The molten-salt target/blanket has an effective neutron multiplication factor of 0.92, and produces 800MW thermal power with a 1.5 GeV-25 mA proton beam. In the molten-salt system, the maximum thermal
power is limited not by the maximum fuel temperature or the maximum power density, but the heat transfer
rate through the heat exchangers. The maximum power density in the target/blanket region is about 1660
MW/m3. Assuming a load factor of 80%, the actinide bumup is approximately 250 kg/y, or 4.6%/y. The
system operates at a molten-salt temperature in the range of 920-1020 K. With such a high operating
temperature, a power conversion efficiency around 45% becomes feasible by using a supercritical steam
cycle, which can improve the total energy balance of the system.
Table Vn summarizes design parameters and operating conditions of the molten-salt system.

The molten state of the fuel salt offers several attractive features for the design of the transmutation
system. The main advantage over a solid system is the capability of continuous on-line processing. The fuel
composition can be continuously controlled and fission and spallation products can be continuously
removed from the fuel. Furthermore, the rather laborious process of actinide fuel fabrication is not required
for the molten-salt system. Blanket melt-down accidents would be impossible as the molten fuel is ready
to be dumped from the blanket in case of emergency, which may add a high degree of safety.
D.I. 1.7. SUMMARY

The accelerator-driven transmutation system project at JAERI has been presented. This project is being
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carried out under the Japanese long-term R&D program on partitioning and transmutation, called OMEGA.

TABLE VII. MAJOR PARAMETERS OF MOLTEN-SALT TARGET/BLANKET SYSTEM
Fuel

Chloride Salt
64NaCl-5PuCl3-31MACl3
(MA: Np, Am, Cm)
Chloride Salt
Chloride Salt
5430 kg
0.92
38 n/p
1.5 GeV - 25 mA
800 MW
250 kg/y (4.6 %/y)

Target
Coolant
Actinide Inventory
Neutron Multiplication Factor
Spallation Neutrons per Proton
Proton Beam
Thermal Power
Burnup
Power Density
Maximum
1660 MW/m3
Average
310 MW/m3
Coolant Temperature
Inlet
923 K
Outlet
1023 K
Coolant Maximum Velocity______3.6 m/s__________

In the design study for a transmutation plant, two types of dedicated system concepts are being
investigated; a solid system and a molten-salt system. In either system, an MA-loaded subcritical blanket
is driven by a high-intensity proton accelerator and makes use of a hard neutron spectrum to transmute MAs
efficiently by fission.

The design of the solid system is based on the current status of liquid-metal fast reactor technology,
whereas the design of the molten-salt system relies largely on next generation technology.
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D.1.2. DEVELOPMENT OF THE PARTITIONING PROCESS AT JAERI
Masumitsu Kubota
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-11 Japan

D.I.2.1. INTRODUCTION

Partitioning of nuch'des such as transuranium elements (TRU), Tc-99, Sr-90 and Cs-137 in a high-level
liquid waste (HLLW) generated in nuclear fuel reprocessing and transmutation of long-lived nuclides by
nuclear reactions are expected to increase the efficiency of high-level waste disposal and will allow
utilization of existing resources in spent fuel.
Since 1985, much effort has been directed to developing an advanced partitioning process for
separating elements in HLLW into four groups; TRU, Tc-Platinum group metals (PGM), Sr-Cs and the
other elements [1,2]. The most recent studies are mainly focused on how to increase the efficiency of TRU
separation with diisodecylphosphoric acid (DJDPA) solvent.

D.I.2.2. SEPARATION OF TRU,

ESPECIALLY NEPTUNIUM

Effectiveness of DJDPA for the complete extraction of Am, Cm, Pu and U had been already
demonstrated with an actual HLLW before 1984. Therefore much attention has been given to how to
increase Np extraction with DEDPA. Penta-valent Np, which is dominant in HLLW, is the TRU most
difficult to extract with general organic solvents. We found that the addition of hydrogen peroxide to the
TRU extraction with DJDPA accelerated penta-valent Np extraction. Through experiments on
counter-current continuous extraction using a mixer-settler, more than 99.96% of penta-valent Np was
found to be extracted when hydrogen peroxide was fed at a level to compensate for its decomposition.
The behavior of fission and corrosion products in continuous counter-current extraction with DJDPA
was also tested with a simulated HLLW. More than 99.99% of Nd, which was used as a stand-in for rare
earths, Am and Cm, was found to be extracted and recovered by back-extraction with 4 M nitric acid. Most
of the Fe was extracted with DJDPA, but not back-extracted with 4 M nitric acid. Therefore, Fe could be
separated from Nd with a decontamination factor of about 100. About 6% of Ru and 11% of Rh were
extracted in this experiment. Their extraction behavior might change in a practical application because their
chemical forms seem to differ in actual HLLW. Almost all Cs and Sr were transferred to the raffinate
fraction and Nd was found to be completely separated from these heat generating nuclides in HLLW.
D.l.2.3. SEPARATION OF AMERICIUM AND CURIUM FROM RARE EARTHS

In order to produce a more continuous process, we are developing a preferential back-extraction of Am
and Cm, leaving rare earths in the DJDPA solvent, by using a stripping solution which contains 0.05 M
DTPA (diethylenetriaminepentaacetic acid), 1 M lactic acid and ammonia.
The continuous back-extraction experiment was performed with the DJDPA solvent containing Nd and
La, which are stand-ins for Am-Cm and rare earths respectively. The experimental results revealed that
more than 99.9% of Nd was back-extracted, while more than 98% of La was left in the solvent, and the Nd
and La concentration profiles agreed very closely with calculated profiles.

These findings show that the estimation of the back-extraction behavior of Am, Cm and rare earths by
calculation would be valid enough for optimization of the back-extraction process.
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The calculated back-extraction behavior of Am-Cm and rare earths in the optimized process showed
that 99.995% of Am-Cm was back-extracted and only 1.1% of rare earths accompanied Am-Cm. As the
weight ratio of Am and Cm to rare earths is only 3.3% in HLLW, it would become about 75% after
separation.
We are going to confirm this estimation by performing a continuous experiment with a solvent
containing both Am and rare earths.
D.I.2.4. BACK-EXTRACTION OF URANIUM

After Am and Cm back-extraction with DTPA solution, all rare earths and other TRU (Np and Pu) can
be back-extracted with 4 M nitric acid and 0.8 M oxalic acid solution, respectively. As for the
back-extraction of U, the effectiveness of phosphoric acid has already been studied. However, it has some
difficulties in practical use.
We are developing the application of a sodium carbonate solution to the back-extraction of U from the
DIDPA solvent.
Batch experiments showed that the distribution ratio of U became lower than 0.1 when the 0.8 to 2 M
sodium carbonate solution was used as back-extractant. However, an emulsion was formed. We found that
this could be avoided by increasing temperature and/or adding alcohol.
When the temperature was increased to 65°C, no emulsion was observed. When ethanol was added
with a ratio of 15 vol%, the temperature could be lowered to 15°C and the distribution ratio of U became
lower than 0.1. U could be back-extracted in a small number of stages in a mixer-settler.
D.I.2.5. CONSTRUCTION OF PARTITIONING PROCESS
Through these fundamental studies, the advanced four group partitioning process was constructed and
its effectiveness will be demonstrated with an actual HLLW at the NUCEF (Nuclear Fuel Cycle Safety
Engineering Research Facility) in 1996.
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D.1.3. HIGH INTENSITY PROTON LINEAR ACCELERATOR DEVELOPMENT FOR
NUCLEAR WASTE TRANSMUTATION

M. Mizumoto, K. Hasegawa, H. Oguri, N. Ito, J. Kusano, Y. Okumura, H. Murata and K. Sakogawa
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-11 Japan
D.I.3.1. INTRODUCTION

Design studies of accelerator-driven nuclear waste transmutation system have been carried out for the
OMEGA project (Options Making Extra Gains of Actinides and Fission Products). The high-intensity
proton linear accelerator (ETA: Engineering Test Accelerator) with an energy of 1.5 GeV and an average
current of 10 mA has been proposed for various engineering tests for the transmutation system by JAERI.
Nuclear spallation reactions with high energy proton beams will produce various intense beams that can
also be utilized for other nuclear engineering applications. These include material science, radio isotope
production, nuclear data measurements and other basic sciences with the proton, neutron and other
secondary beams in addition to nuclear waste transmutation.
In the course of the accelerator development, the R&D work for the low energy portion of the
accelerator (BTA: Basic Technology Accelerator), with an energy of 10 MeV and a current of 10 mA, has
been made, because the maximum beam current and quality are mainly determined by this low energy
portion. R&D for the main accelerator components such as the high current hydrogen ion source,

radio-frequency quadrupole (RFQ), drift tune linac (DTL) and RF power source is in progress.
The conceptual and optimization studies for the high energy accelerator ETA have been performed
simultaneously with regard to proper choice of operating frequency, high b structure, mechanical
engineering considerations and RF source aspects in order to ensure low beam loss, hands-on maintenance
and low construction cost.

D.I.3.2. ACCELERATOR DEVELOPMENT
The conceptual layout of the ETA is shown in Fig. 1. In the case of a high intensity accelerator, it is
particularly important to maintain good beam quality (low emittance; small beam size and divergence) and
minimize beam losses to avoid damage and activation of the accelerator structures. Because the beam
quality and maximum current are mainly determined by the low energy portion of the accelerator, the
accelerator (BTA) will be built as a first step in the ETA development [1]. The layout of BTA is shown in
Fig. 2.
The basic specification of BTA is given in Table I. The beam dynamics design calculations for the
BTA, which will consist of the ion source, RFQ and DTL including the beam transport system, have been
made with the computer codes PARMTEQ and PARMILA [2]. Because of the high beam current and high
duty factor, the problem of heat removal from the accelerator structure is also an important issue for the
mechanical design. The electromagnetic field distribution, temperature distribution and thermal stresses
are carefully studied with the three dimensional modelling codes, MAFIA and ABAQUS. The beam energy
for the BTA is chosen to be 10 MeV in order to avoid proton induced reactions in accelerator structural
materials where the Coulomb barriers are barely exceeded. The acceleration frequency of 201.25 MHz is
selected both for RFQ and DTL mainly due to the large bore radius, manageable heat removal problem and
the availability of an RF source
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FIG. 2. A layout of the BTA.

D.l.3.2.1. Ion source

Figure 3 shows a prototype ion source
which was constructed based on the
experience from the NBI (Neutral Beam
Injectors) for Fusion Research [3]. The ion
source consists of a multicusp plasma type
generator with four tungsten filaments and
a two stage extractor. The dimension of the
plasma chamber is 20 cm in diameter and

TABLE I. A BASIC SPECIFICATION OF BTA

Output energy
Operation mode
Duty factor
Average beam current
Peak beam current

lOMeV
pulse
10%
10mA
100mA
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IpOkV 76kV

Ground

Ace. Voltage : 100kV

Peak Current: 140mA
Duty:

10%

Emittance :

0.5 K mm mrad

Proton Ratio : > 85 %

H2 gas Flow Rate : 4 SCCM

FIG. 3. A prototype of a high brightness ion source.

17cm in length. The chamber is surrounded by 10 columns of SmCo magnets with a field strength of about
0.2 T at the inner surface. The other basic specifications for the source are given in Table n.
The high brightness hydrogen ion beam
of 140 mA was extracted using the 100 kV
high voltage power supply. The beam
profile was measured with a multi-channel
calorimeter and the observed normalized
emittance was about 0.45 pmm.mrad
(90%). The proton ratio and impurity were
found to be 80% and less than 1%,
respectively, using a Doppler shifted
spectroscopy method

TABLE II. ION SOURCE
Energy
Current
Duty factor
Emittance
Proton ratio
Impurity

lOOkeV
120mA
CW
0.5 pmm.mrad (normalized 100%)
> 90%
< \%

D.l.3.2.2. RF source

Three sets of 201.25 MHz RF sources with about 1 MW peak amplifiers are needed for BTA (641 kW
for RFQ and two 760 kW for DTL). The tetrode tube 4CM2500KG (EIMAC), which was originally
developed for fusion plasma heating, is used with a multistage amplifier configuration [4]. The block
diagram of the RF source is shown in Fig. 4. The RF source was designed and one set of amplifiers was
manufactured. The high power amplifier (HPA) is driven by a 60 kW intermediate amplifier (IPA of
RS2058CJ) which is fed by a master oscillator and a 3 kW solid state drive amplifier. The accelerator
voltage and phase control loop with an accuracy of < 0.1 % in amplitude and < 1 in phase were constructed.
The high power test was successfully made with a peak power of 1 MW at 0.6% duty and 830 kW at 12%
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duty obtained using a dummy load.

RF Source Specifications
Frequency

201.25MHz
1.2 ms
1 MW
12%

Pulse Width
Peak Power
Duty Ratio
/
\
/•
\
Lowlevel
LPA
Controller «^^~
—**

-\

/•

AGC
1 APC J
t

3kW

Solid
I State J

IPA

HPA

~-^^-

60 kW

_ fc.l^pp
^(vr\r

1 MW

RS2058CJ
4CM2500KG
V

J

FIG. 4. A block diagram of the RF source.

D.l.3.2.3. DTL high power test

Design studies were made under various mechanical constraints for DTL such as the resonant
frequency, magnetic field strength and the problem of heat removal. The DTL parameters are given in
Table HL A hollow conductor type coil with 5*5 mm2 was chosen for the electric quadrupole magnet. The
configuration of this quadrupole magnet was optimized with conditions on the coolant water (temperature
rise 25 K in the coil, pressure drop 50 N/cm2and velocity 3.4 m/s). The hot test model with 9 cells was
fabricated with 8 drift tubes inside the DTL tank and 2 drift tubes in the end plates. The first drift tube and
the one at the front end plate were installed with actual quadrupole magnets. The cross cut view of the DTL
hot test model is shown in Fig. 5 [5].
The drift tube alignment was made with a laser telescope and an accurate longitudinal scale. Alignment
errors in the transverse plane and the longitudinal direction were within 0.1 and 0.08 mm, respectively. The
cold test was performed to examine the RF characteristics such as resonance frequency, Q value and
electric field distribution on the beam axis. The resonant frequency of the TM01 mode was measured to
be 201.178 MHZ when the tuner displacement was 100 mm. The measured frequency shifts were in good
agreement with those predicted by calculation. The resonant frequency could be shifted with the tuner by
about 200 kHz, which is enough to compensate the frequency change due to RF heating. The measured Q
value was 42000 (83% of the SUPERFISH calculation). This result indicates that an RF power of 130 kW
is required to obtain an average strength of 2 MV/m. The electric field distribution on the beam axis was
measured by the bead perturbation method with an aluminum spherical bead of 7 mm in diameter. The
average field strength over the whole region was deduced to be 2.03 MV/m which is in good agreement
with the designed value of 2 MV/m. Deviation of the average field in each cell was within 2.3%. A high
power test was carried out to examine the cooling capability. Various quantities were monitored during the
high power conditioning; RF signals from a pickup loop and a directional coupler, temperature of the
cooling water, total vacuum pressure using an ionization gauge, partial pressure using quadrupole mass
spectrometer and bremsstrahlung X-ray spectrum. During the conditioning, an input RF power up to 154
kW with a duty factor of 12% was achieved in the DTL model, which exceeded the prescribed nominal
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power level of 130 kW. The relation between the input power from the RF monitor and the gap voltage
from the X-ray spectrum agrees well with the calculation using the SUPERFISH code.
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TABLE III. DTL PARAMETERS

Beam Direction

Frequency
Energy
Beam current
Average field
Tank diameter
Tank length

Cell length
g/L
DT outer diameter
DT inner diameter
Synchronous phase
DT cell number
Focus magnetic field
Item
Number of cells
Length of DTL tank

BJA
36
5649 mm

Number of DT

37

Number of Q mag

37

R&D
"9
"I
1005.5 mm j
10

2

!

;

Q
Wall loss
Beam power

201.25MHz
2 - 10 MeV
100mA
2.0 MV/m
89.3 cm
564.9 cm
9.86-21.55 cm
0.234 - 0.293
20cm
2cm
-30
36
80 - 35 T/m
69800
720 kW
800 kW

FIG. 5. A cross cut view of DTL hot test model.

A high power test was carried out to examine the cooling capability. Various quantities were monitored
during the high power conditioning; RF signals from a pickup loop and a directional coupler, temperature
of the cooling water, total vacuum pressure using an ionization gauge, partial pressure using quadrupole
mass spectrometer and bremsstrahlung X-ray spectrum. During the conditioning, an input RF power up
to 154 kW with a duty factor of 12% was achieved in the DTL model, which exceeded the prescribed
nominal power level of 130 kW. The relation between the input power from the RF monitor and the gap
voltage from the X-ray spectrum agrees well with the calculation using the SUPERFISH code.
The cooling capability was examined by feeding an RF power of 130 kW. To obtain the distribution
of the power dissipation, the temperature rise and cooling water flow rate through each path were measured
using platinum resistance thermometers and a flow meter, respectively. The experimental distribution of
the power dissipation among the 9 drift tubes (including 2 in the end plates) is generally in good agreement
with the SUPERFISH calculation.

D.l.3.2.4. RFQ beam test
The basic specification of the RFQ is given in Table IV. The first beam test with the ion source and
RFQ was carried out at the test shop of Sumitomo Heavy Industries (SHI), Ltd. [6] in February, 1994. After
this first beam test had been completed, the whole apparatus was transferred to Tokai, JAERI and
reassembled. The beam test was restarted again in November, 1994 and various beam properties are being
studied.

112

The layout of the 2 MeV RFQ beam test is
shown in Fig. 6. The 100 keV H* beam was
extracted by a multi-cusp type ion source to the
RFQ. Two focusing solenoids in the low energy
beam transport (LEBT) were used to match the
ion source beam emittance to the RFQ
acceptance. The transmission was deduced from
the RFQ input and output currents measured
with the two Faraday cups. The RFQ
acceleration current as a function of the
normalized vane voltage (a normalized vane
voltage of unity corresponds to nominal gap
voltage of 113 kV) is shown in Fig. 7. The
results of the measured beam transmission were
lower by 20 - 30% than the design values with
PARMTEQ. The various causes of these lower
transmissions are being investigated. The beam

TABLE IV. RFQ PARAMETERS

Frequency
Energy
Beam current
Duty Factor
Synchronous phase
Vane voltage
Focusing parameter B
Number of cell
Cavity diameter
Vane length
Quality factor (Q)
Wall loss power
Beam power

RFQ

/FC-1
LEBT
100keV

201.25MHz
0.1 -2 MeV
110mA
10%
-90--35
0.113 MV
7.114
181
36.6 cm
334.8 cm
13000(100% Q)
432 kW (60% Q)
209 kW

PM-2

-2
JFC201.25MHz
nz
2
1MW

RF
ce
F Source

MEET
2MeV

7.7m
MEA:

Magnetic Energy Analyzer

FC: Faraday Cup
PM: Beam Profile Monitor

FIG. 6. A layout of the 2 MeV RFQ beam test.

energy spectra from the RFQ were also measured using a compact magnetic energy analyzer (MEA), with
a pole radius and gap length of 40mm and 6mm, respectively. The deflection angle was 25° and the energy
resolution was assumed to be 5% for a 2 MeV proton beam. The 100 keV H+, H2+ and H3* beam from the
ion source through the RFQ (without RF) was used as an energy calibration source for five vane voltages.
The intervane voltage dependence of the proton energy spectra is shown in Fig. 8. As the intervane voltage
was reduced, the energy spectrum shifted to lower energies with a prominent discrete energy distribution.
This interesting phenomenon was well predicted by PARMTEQ as indicated in the figure.
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D.I.3.3. SUMMARY

R&D work has been carried out on the design and construction of prototype accelerator structures (Ion
source, RFQ, DTL and RF source). The low-power tests were made to study the RF characteristics for the
RFQ and DTL accelerating structures and have verified the design prediction. The first 2 MeV beam test
with the ion source and RFQ in combination with a single high power RF source unit was successfully
carried out with a peak acceleration current of 52 mA (for the duty factor of 5%). For the DTL high power
test, measurements of the electromagnetic characteristics were made satisfactorily. Problems of heat
dissipation and heat removal in the structure were studied. Table V summarized the major results of the
R&D work. The detailed design work for the BTA construction will follow in the next stage based on these
R&D results. Further improvement is however still required to increase the average beam current (the goal
is 10 mA) by improving the peak current and duty factor. More detailed studies of the beam properties are
needed to improve transmission.
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TABLE V. THE PRESENT STATUS OF THE PROTON LINAC DEVELOPMENT FOR THE JAERI
OMEGA PROGRAM
(1) Ion source: Multi-cusp ion source

High voltage
Accelerating current
Emittance
Proton ratio

100W
140mA
0.5 7i mm.mrad (90%)
>80%

(2) Radio frequency quadrupole (RFQ): 4 vane type
Q
Electromagnetic field distribution

9,420 (7 1%Q)

Field balance
Field flatness
(3) DTL: hollow conductor type DT

< 2.5 %

Magnetic field center

< 30 urn

Temperature rise

<25°C
<4 jam

Heat expansion
Hot test model (9 cell)
Q
Electromagnetic field distribution

Field flatness
High power test
(4) RF source

42,000 (83% Q)
< 2.3 %

154kW(duty 12%)

Maximum power

830 kW (duty 12%)
1 MW (duty 0.6%)

The RFQ beam test
Methods
Energy spectrum
Vane voltage
Profile
Beam current & transmission

Current
Duty

Pulse width
Rep. rate

Analyzing magnet
X-ray detection with Nal and Ge detector
Profile monitor
Faraday cup

Present status

Goal

52mA
5%

100mA
10%

1.0ms
50 Hz

1.0ms
50 Hz
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D.I.4.1. INTRODUCTION

Interest is growing for the use of accelerator-driven subcntical systems for the transmutation of longlived radioactive nuclear wastes The subcntical blanket design is generally one [1-5] in which high energy
protons with energies of 0 8 to 1 6 GeV are injected into a spallation target surrounded by a fuel blanket
region made of actmides and/or fission products. The actmide nuchdes are transmuted by the fission
reactions induced by the neutrons produced via the spallation reactions in the target.

There are many options for the choice of both target materials and fuel elements. One is the solid
system [2] which consists of a tungsten target and the actinide metal alloy fuel with a pin bundle structure
Another is the liquid system which employs a liquid heavy metal or a molten salt target with molten salt
actimde/fission products fuels [1,4] As for the neutron energy, thermal neutrons [1, 4] and fast neutrons
[2, 3] produced by the use of heavy water coolant or of liquid sodium coolant respectively are studied
In the design study, it is necessary to use a code system which can estimate such quantities as neutron
yield, neutron energy spectrum and nuclide yield with high accuracy because these are important factors
determining the performance of the system However, since there is little evaluated nuclear data available
in the energy region above 20 MeV,, the neutron transport codes which have been used in the neutromc
design of commercial reactors cannot be applicable. Therefore, a Nucleon Meson Transport Code such as
NMTC/JAERI [6] or LAHET [7] which simulates nuclear reactions and the subsequent particle transport
have been used in connection with the neutron transport code for the neutronics calculation of the
accelerator-driven subcntical system
In order to study the accuracy of the physical model used in the Nucleon Meson Transport Code,
several neutron double differential cross section measurements have been earned out for a variety of targets
with proton energies up to 800 MeV [8-15]. With these experimental data, an international code
companson [16, 17] was organized and has been earned out by OECD/NEA to test the predictive power
of vanous physical models and codes applicable for the calculation of intermediate energy nuclear
reactions
Some integral experiments [18-21] have been carried out to validate the accuracy of the code system.
At JAERI, an spallation integral experiment using a large-scale Lead assembly is in progress using 500
MeV protons to estimate the accuracy of NMTC/JAERI A supplemental neutron energy spectrum
measurement has been carried out as a part of neutron differential cross section measurements by Kyushu
University [22, 23] with the protons of 0 8, 1.5 and 3.0 GeV.

There is a proposal [24] by the Proton Engineering Center in which high energy protons of 1.5 GeV
with a maximum current of 10 mA are available at the OMEGA Nuclear Energy Development Facility.
This intense proton beam enables us to make a variety of experiments ranging from differential ones to
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demonstration tests of the accelerator-driven subcritical system. This paper describes the present status of
the integral experiments in JAERI and shows the results of preliminary analysis for engineering
experiments in the OMEGA Nuclear Energy Development Facility .
D.I.4.2. EXPERIMENTS

D.I.4.2.1. Measurement of nuclide yield in Lead assembly

In order to validate the accuracy of the nucleon meson transport code NMTC/JAERI, an integral
spallation experiment has been carried out using a Lead assembly bombarded with 500 MeV protons at
the beam dump room of the booster synchrotron facility of the National Laboratory for High Energy
Physics (KEK). Figure 1 shows the cross sectional view of the Lead assembly. Lead was melted into a
mould of stainless steel with a thickness of 2.5 mm. The size of the assembly was 60 cm in diameter and
100 cm in length. The protons were transported through the beam entrance hole of 10 cm in diameter and
20 cm in length and were injected perpendicular to the target of 16 cm in diameter and 30 cm in length
installed in the assembly. Lead and tungsten alloy were used as targets, respectively.
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FIG. 1.
Cross sectional view of Lead assembly. Thin and thick hatched areas indicate the Lead
assembly and the target in which Lead or tungsten is installed. Thick solid lines of a' to 'g' represent the
irradiation holes for activation samples.

In order to study the transport of the secondary particles induced by spallation reaction using an
activation method, some irradiation holes were made along the beam axis of the assembly at the radial
distances of 0, 3, 6, 10, 1 5, 20 and 25 cm. Using of various high purity metal activation samples of Al, Fe,
Ni, Cu and Au, yields of the nuclides produced in the samples were measured by the technique of y-ray
spectrometry. The size of the samples was 6 or 8 mm in diameter and 4 or 10 mm in length. The samples
were packed together with Pb samples into an aluminum capsule having an outer diameter of 8 or 9.4 mm
with a thickness of 0.5 mm and a length of 500 mm so that they could be placed with a ratio of 1 to 2 cm
per 10 cm in the Lead assembly to suppress the perturbation of the neutron field in the irradiation hole as
much as possible.
During irradiation, the number of injected protons was monitored by a calibrated pick up coil set in
the booster beam line. The experiment was made using 2xl014 to 3xl015 protons. The y-ray spectrum from
the activated samples was measured with a 100 cm3 Ge detector with 20% efficiency relative to Nal
detector. Peak area counting in the measured y-ray spectrum was made with the code BOB-73 [25].
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Nuclide yield was obtained by considering the time relative to the irradiation time, the cooling, the
measurement and the half life. Here, the correction for the self-absorption of y-rays in a sample was made
by a Monte Carlo calculation. The estimation of the systematic error on the y-ray spectrum measurement
is still in progress. For this reason, preliminary results including only the statistical error are shown in this
report.

D.l.4.2.2. Measurement of neutron energy spectrum from thick target

Measurements of the energy spectrum of leakage neutrons from a thick Lead target bombarded with
protons of 500 MeV and 1 .5 GeV were carried out by the time of flight (TOP) technique in a series of
neutron double differential cross section measurements at the 7t2-line of the 12 GeV proton synchrotron
facility of KEK. The protons used in this experiment were produced at an internal target which was placed
in the synchrotron accelerator ring. The intensity of the protons was quite weak as low as fA level. The
experimental setup is illustrated in Fig. 2. The size of the Lead target was 20 cm in length and 15 cm by
15 cm in cross section. Pilot U scintillation detectors were set just in front of the target and at a point 20
m upstream. These pilot U scintillation detectors enable us to separate protons from charged pions and to
give the start signal for the neutron counting systems consisted of NE213 scintillation detectors of 5 inches
in diameter with 5 inches in thickness. Here, NE102A plastic scintillation detectors were employed as
VETO counters to remove charged particle induced events from the counting system. The bias given to
the NE213 detectors was set at the value of the half height of the l37Cs Compton edge.
NE102A
(VETO)

NE213
5"x5"

Pilot U

Beam Line

FIG. 2.
Illustration of the experimental arrangement for neutron energy spectrum measurement by
the time of flight method.

In the data acquisition procedure, a two-gate integration method [26] was employed to give n-y
discrimination in the measured pulse height data. The fast gate was 50 ns and the slow gate was 500 ns
after a delay of 130 ns. In the data analysis, the detection efficiency calculated with the code SCINFUL
[27] was employed for the energy region below 80 MeV; the accuracy of the code was confirmed to be
about 10%. Since the applicable energy range of SCINFUL is up to 80 MeV, however, the detector
efficiency above 80 MeV was determined by results calculated using the code CECIL [28] which was
normalized to the value of SCINFUL at 80 MeV. The resultant detector efficiency is shown in Fig. 3.
In the TOP measurement with a thick target it should be noted that the scattering of the neutrons in the
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target delays their flight time so that they might give a different energy from the real one. This effect makes
the low energy component of the neutron energy spectrum increase. In order to remove the scattering
effect, an unfolding method was also employed in the data analysis because the energy of the emitted
neutrons was determined merely from the pulse height irrespective of the flight time. A saturation was
observed in the pulse height signals for neutrons with the energies higher than several tens of MeV. The
unfolding method was applied to the energy region below 14 MeV. Here, the calculation was carried out
with the code FORIST [29] by the use of the response matrix obtained by the code SCINFUL.
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FIG. 3. The detector efficiency based on the FIG. 4. Comparison of measured neutron energy
calculation with the code SCINFUL and CECIL, spectrum at 30' for 500 MeV proton incidence on
Solid marks indicate the experimental results [38]. thick Lead target of 15 by 15 cm in width and 20 cm
in length. Solid circle stand for the results obtained
by time of flight method. Solid line represents the
ones obtained by unfolding method.

In Fig. 4, the neutron energy spectrum at 30° obtained by the unfolding method is compared to the one
obtained by the TOP method for 500 MeV proton incidence. An oscillation seen in the results for the
unfolding method is due to the poor statistics of the detected events. A difference of more than 50% is
observed in the energy region below 3 MeV between the two methods. This is because of the ambiguity
of the efficiency near the threshold of l17Cs bias used in the TOP method. It has been concluded from this
result that the neutron spectrum obtained by the unfolding method is more reliable below 3 MeV than that
obtained by the TOP method. Since good agreement is seen in the neutron spectrum above 3 MeV between
the two methods, the results of the TOP method were adopted as final results. It has been found that there
is no influence of the scattering effect in the measured neutron energy spectrum above 3 MeV.
D.I.4.3. CALCULATION

The calculation were made with the codes NMTC/JAERI and MCNP4.2 [30]. In the calculation of the
nuclide yield in the Lead assembly, the beam profile was the Gaussian shape whose FWHM is 1.75 cm.
The value was determined by the measurement of the activity induced in an aluminum foil put on the
surface of the target. The irradiation hole was divided into 40 cells in the longitudinal direction with a
radial thickness of 1.5 cm. In the calculation of the neutron leakage spectrum from thick target, the profile
of the beam had a uniform circular shape with a diameter of 3 cm. The neutron energy spectrum was
obtained by a surface crossing estimation at a curved surface with a width of 5 inches formed on a sphere
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obtained by a surface crossing estimation at a curved surface with a width of 5 inches formed on a sphere
of 1 m in radius.
NMTC/JAERI simulates the nuclear reaction and nucleon transport in the energy region above 20
MeV. The nuclear reaction is simulated by intranuclear cascade evaporation including the high energy
fission model. MCNP4.2 calculates the transport of neutrons with energies below 20 MeV based on the
cross section library processed from JENDL3.1 [31]. A calculation of 1,000,000 events was made to
estimate the neutron energy spectrum in NMTC/JAERI.
It should be noted in the calculation with NMTC/JAERI that a modification was made to take into
account the total cross section and the elastic cross section of nucleon-nucleus reactions by using Pearlstein
systematics [32]. Since the geometric cross section was as the default value so far, irrespective of the
incident energy, the code was improved by this modification so that it could accurately estimate the mean
free path of neutrons travelling in matter. Figure. 5 compares the total cross sections evaluated by
Pearlstein systematics with the geometric ones for 56Fe and 208Pb. Figure. 6 shows the calculated neutron
energy spectra at a depth between 30 and 32.5 cm in radial positions of 10 and 20 cm. The influence of
the inclusion of Pearlstein systematics is seen to be significant in the calculated neutron energy spectrum
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FIG. 6. Calculated neutron energy spectra at the
depth between 30 and 32.5 cm at radial distances of
10 and 20 cm for 500 MeV protons incident on a
tungsten target installed in the Lead assembly
having a size of 60 cm in diameter and 100 cm in
length.

in the energy region between 20 and 50 MeV. In order to obtain the nuclide yield, the evaluated nuclide
production cross sections compiled in JENDL3.1 and the ones calculated by the code NUCLEUS [33] are
employed in the energy region below and above 20 MeV, respectively. NUCLEUS is based on the
intranuclear cascade evaporation model and corresponds to the nuclear reaction calculation part of
NMTC/JAERI. In this calculation, the level density parameters derived by Baba were employed. The
energy bins above 20 MeV were 20 groups with lethargy width of 0.05 up to 54 MeV and 30 groups with
that of 0.075 above 54 MeV.
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D.I.4.4. RESULTS AND DISCUSSIONS

In this description, we focus on nuclide yields induced by the spallation neutrons which were obtained
at radial distances greater than 8 cm, that is the region out of the target. Figure 7 shows the measured
spatial distribution of the yields of 57Ni in natNi samples for both Lead and tungsten targets. It is observed

that the yields obtained around the depth of 20 to 35 cm are almost the same independent of the target
materials. On the other hand, the differences of a factor of 2 to 3 are seen at longitudinal positions deeper
than 50 cm in all radial positions. The neutron yield estimated by the calculation differs about 10 %

between tungsten and Lead. The major differences between those materials are the range of 500 MeV
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The macroscopic total cross section of tungsten is
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lose its energy by collision in tungsten than in Lead.

Figure 8 shows the measured and the calculated

spatial distributions of the yield of 56Co in a MtNi
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FIG. 9. Experimental and calculated yields of57Ni
n M samples inserted into a tungsten target
installed Lead assembly for 500 MeV proton
bombardment. The solid marks stand for the
experimental data at the radial positions of 10, 15,
20 and 25 cm, respectively. The solid lines represent
the calculated results of NMTC/JAERI and
MCNP4.2.
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sample at the radial positions of 10 and 20 cm in the
tungsten target installed Lead assembly. The
threshold energy of the reaction is 20 MeV. It is
observed that the results calculated with the

modified total cross sections improve on the ones
obtained with the geometric cross sections and are

in reasonable agreement with the measured data,
although overestimations up to about 40% are seen.
In Figs 9 to 12, comparisons are made between

the calculated and the measured results for the
reactions

of

n

"Ni(n,x)57Ni

and

Al(n,x)24Na,

respectively. The threshold energies for these reactions are 12.4 and 3.9 MeV, respectively. In the results
for M'Ni(n,x)57Ni, good agreement is obtained between experimental and the calculated results for both
tungsten and Lead targets although slight overestimation is observed in the calculated results for the
tungsten target in comparison with those for the Lead target. For the yield of AKn.xn^Na, the calculated
results are in good agreement with the experimental results for the tungsten target. For the Lead target,
however, the calculation underestimates the experiment by about 50%. This discrepancy becomes
significant as the longitudinal distance increases.
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results ofNMTC/JAERI and MCNP4.2.

FIG. 11. Experimental and calculated yields of
2
'Na in Al samples inserted into a tungsten target
installed Lead assembly for 500 MeV proton
bombardment. The solid marks and the solid lines
represent are the same as for Fig. 9.
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FIG. 12. Experimental and calculated yields of 24Na in
Al samples inserted into a Lead target installed Lead
assembly for 500 MeV proton bombardment. The open
marks and the solid lines represent are the same as for
Fig. 10.

Figures 13 and 14 show the cross sections of
the reactions of ""Nifox^Ni and Alfox^Na,
respectively. The results of NUCLEUS, which
were used in the calculation of nuclide yield in
the Lead assembly, are compared with the
measured cross sections [34, 35] in these figures.
It is observed that the calculated results
overestimated the measured data of n"Ni(n,x)37Ni
by about a factor of 2. In contrast, NUCLEUS
gives a cross section lower than the experimental
one by about 40% for Al(n,x)24Na. These
discrepancies indicate that the approximation
made in the intranuclear cascade evaporation
(INCE) model is too crude to predict nuclear
reactions in the tens of MeV region.
In Figs 15 and 16, calculated neutron energy
spectra are compared with the experimental ones
for 500 MeV and 1.5 GeV incident protons,
respectively. In both cases, the calculated results
reproduce the experimental ones successfully in
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the energy region below 10 MeV
although a slight underestimation is
seen in the results at backward
angles beyond 90°. On the other
hand, the calculation underestimates
the experimental results in the
energy region between 20 and 100
MeV at all angles. Since the similar
discrepancies are observed between
the calculated and experimental
results on the differential cross
section measurements, it is
necessary to improve the INCH
model.

FIG. 14. Cross section of Al(n,x)24Na reaction.
Solid lines represent the values compiled in the
JENDL3.1. The dot-dashed line stand for the
calculated results of NUCLEUS. The solid circle
indicates the measured data [35].

— NMTC/JAERI + MCNP 4.2
15' x100 * 90'
xO.1
xO.01
xO.001

Judging from the present
predictive power for the neutron
energy spectrum and the nuclide
production cross sections shown in
Figs 13 to 16, it is consistent that the
calculated nuclide yields are lower
than the experimental results for the
103
101
102
AKn.x^Na reaction in the case of a
Neutron Energy(MeV)
Lead target. As for the results for
nlt
57
Ni(n,x) Ni, reasonable agreement FIG. 15 Experimental and calculated leakage neutron energy
is obtained as a result of a spectrum from thick Lead target of 15 by 15 cm width and 20 cm
cancellation of the overestimated in length bombarded by 500 MeV protons. Open marks indicate
nuclide production cross section and the experimental results at emission angles from 15" to 120°. Solid
the underestimation of the neutron lines stand for the calculated results with NMTC/JAERI and
energy spectrum.
MCNP4.2.
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D. 1.4.4. PRELIMINARY STUDY FOR TARGET-BLANKET EXPERIMENTS IN OMEGA NUCLEAR
ENERGY FACILITY
In this section, we give an overview of the experimental subjects through a preliminary neutronic and
hydraulic analysis of the subcritical blanket of the solid system [3] which is composed of a tungsten target
and actinide metal alloy fuels cooled with liquid sodium. The size of the subcritical blanket was 140 cm

in diameter and 140 cm in length; the diameter of the tungsten target installed at the center of the blanket
was 40 cm. The effective multiplication factor of the blanket is 0.89. The calculated results were obtained
under the condition that 1.5 GeV protons with a current of 10 mA were injected in the tungsten target with
a uniform circular configuration. Figures 17 and 18 show the neutron flux distribution in the subcritical
blanket with energies above 1 and 50 MeV, respectively.
It is seen that the high energy neutrons are produced near the point of incidence and diverge in the
forward direction. The distribution of the neutrons above 1 MeV has a peak value in the blanket region
near the surface of the tungsten region. This is because the multiplication of neutrons by the fission
reaction contributes predominantly near the
surface of the tungsten target. From the
—'——•- ' ' ' "'I————'——•- ' ' ' " i
experience of the integral experiment
— NMTC/JAERI + MCNP 4 2
• 15' x100 * 90' xO 1
described in the previous section, the
10'
° 30' x10
o 120" x O O l
neutronic characteristics of the subcritical
* 60'
« 150' x0001
blanket, such as neutron spectra, flux
10C
distribution
and
fission
reaction
distribution can be experimentally
1
10o
investigated by the foil activation method
with a current of nA to mA.
1-2
For
a
real
accelerator-driven
io-3
transmutation system, the target must be
durable enough to be irradiated
10
continuously for a long period. The
following issues should be studied in
§10-S
detail: the evolution of neutronic
characteristics during irradiation, the
10change of mechanical characteristics
induced by radiation damage and the
1.5 GeV p on Pb
10corrosion in the cooling system. It is
(15x15x20 cm3)
reported [36] that a water cooled spallation
10:
target made of tantalum has been irradiated
103
10l
102
through 1500 mAh without observing any
Neutron Energy(MeV)
radiation damage at ISIS, but corrosion
was found in the cooling system in the case FIG ]6 .Experimental and calculated leakage neutron
of a bare tungsten target used at LANSCE. energy spectrumfrom thick Lead target of 15 by 15 cm width
In order to estimate the strength of the and 20 cm in length bombarded by 1.5 GeV protons. Open
target, it is necessary to know the marks indicate the experimental results at emission angles
accumulation of spallation products during from 15" to 15CP. Solid lines stand for the calculated results
the irradiation time. Figure 19 shows the with NMTC/JAERI and MCNP4.2.
calculated nuclide yield by spallation

reactions above 15 MeV in a tungsten target after 10 days operation with a current of 10 mA. This
calculation was made without taking into consideration the change of composition of the target nuclides.
It is expected from these results that the neutron yield might not decrease as fast because most of the
products have a mass number close to tungsten.
When an accelerator is used a beam window is required to separate the high vacuum regime and the
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FIG. 17. Calculated neutron flux distribution
with the energies higher than 1 MeVfor 1.5 GeV
protons with the current of 10 mA incidence on
the tungsten target installed subcritical blanket
[3] for actinide transmutation.
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FIG. 18. Calculated neutron flux distribution
with the energies higher than 50 MeVfor 1.5 GeV
protons with the current of 10 mA incidence on
the tungsten target installed subcritical blanket
13] for actinide transmutation.

environment. Since the beam window is exposed to a high current beam, it is necessary to cool the window
to remove the heat produced. In the design of a solid target system, the window is assumed to be cooled
by slightly pressurized coolant which flows from the target region. In a spallation neutron source facility,
it is ensured [36] that the allowable current density is 80 uA/cm2 at the beam window. In a transmutation
system the proton beam injected in the target is designed to have diameter of several tens of cm so that heat
production is suppressed. This reduces the current density limit to 3 [iA/cm2 for a total current of 10 mA
through a semi-spherical beam window of 46 cm in diameter.

In Fig. 20, the calculated stress generated in oxide dispersed strengthened (ODS) steel is shown as a
function of beam current. It is evident that the stress increases as the beam current increases. In order to
use ODS steel safely, the amount of stress has to be suppressed below the creep rupture strength. The result
indicates that the window can be used in the allowable range even at 80 mA if the thickness is chosen to
be 1 mm. As the radiation damage evolves with irradiation, however, the creep rupture strength becomes
smaller than 230 MPa. If the strength decreases down to 100 MPa, a beam current of 40 mA cannot be
allowed. It is important therefore to obtain elemental data on the change of mechanical characteristics as
radiation damage accumulates. The use of a high current beam is expected to shorten the irradiation time
within which the required amount of damage is accumulated.
D.I.4.5. CONCLUDING REMARKS

The neutron energy spectrum from a thick Lead target and nuclide yield distributions of various
threshold reactions in a Lead assembly have been measured using 500 MeV protons. Calculations using
the codes NMTC/JAERI and MCNP4.2, which are used for the neutronics calculation of the acceleratordriven subcritical system, reproduced the low energy component with the energy lower than 10 MeV well
but underestimated the neutron yield from 20 to 100 MeV.
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FIG. 19. Calculated mass yield In a tungsten target of
40 cm in diameter and 140 cm in length which
contains sodium coolant of 50 vol%. The solid marks
indicate the calculated results of NMTC/JAERI in the
energy region above 15 MeV.

FIG. 20. Estimated stress generated in
oxide dispersed strengthened steel with the
configuration of a semi-sphere of 460 mm in
diameter under a pressure of 245 kPa.

In the analysis of the nuclide yield distribution in the Lead assembly, the calculated results reproduced
the shape of the measured nuclide yield distribution. Because of the ambiguity in the predictive power of
the INCH model for the nuclide production cross section, the degree of the agreement differs from reaction
to reaction. Based on the present results, it has been concluded that the code system composed of
NMTC/JAERI and MCNP4.2 can estimate the nuclide yield through neutron induced reactions with a
threshold energy up to a couple of tens of MeV, within a factor of two.
It has been found from the integral experiment that further improvements are required for the INCH
model to remove the discrepancies in both the nuclide production cross section and the neutron energy
spectrum. As has been reported in the international code comparison, inclusion of the pre-equilibrium
analysis and reassessment of the various cross sections employed in the calculation code, may lead to the
improvement of the predictive power of NMTC/JAERI. Moreover, a study to introduce the technique used
in quantum molecular dynamics (QMD) seems likely to improve on the INCE model since the QMD has
achieved a successful description of various nuclear reactions [37].
From the experimental point of view, a comparison of the yield of proton induced spallation products
is being planned as the next step in our integral spallation experiment to obtain further understanding of
the predictive power of NMTC/JAERI.
At the OMEGA Nuclear Energy Facility of the Proton Engineering Center, we expect to carry out a
variety of experiments concerning the effect of radiation damage not only the neutronic characteristics but
also the mechanical characteristics of the accelerator-based subcritical system.
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D.I.5. DEMONSTRATION EXPERIMENTS AT PNC
S. Tani and H. Nakamura
Power Reactor and Nuclear Fuel Development Corporation

D.I.5.1. MEASUREMENT OF CROSS SECTION

The cross sections of photonuclear reactions are important for estimation of the energy balance of the
transmutation system for long-lived FPs, such as Cs-137 and Sr-90. It is known that a giant resonant peak
exists in the range of 10-20MeV for most nuclides; however, most cross section data are still missing or
their accuracy is not sufficient enough.

PNC is therefore planning to measure the cross sections of photo nuclear reactions precisely using a
Compton suppressed Ge(Li) detector surrounding BGO scintillators. The energy resolution will be lOkeV
and this system will improve the sensitivity of measurements of the cross section.
D.I.5.2. GENERATION OF MONOCHROMATIC GAMMA RAY

To improve the energy balance of transmutation by photonuclear reactions, it is very effective to use
monochromatic gamma rays. This makes it possible to select a gamma ray energy corresponding to that of
the giant resonant peak.
The basic concept for obtaining intense monochromatic gamma rays has been proposed by K.Imasaki
et. al.fl]. Figure 1 shows a schematic diagram of the experiment, which will be conducted as a
collaboration between the Institute for Laser Technology, Osaka University and PNC.
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FIG. I.
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Schematic diagram for monochromatic gamma ray generation.

Photons generated by an intense laser system are stored by, so called, supercavity mirrors and electrons
accelerated by a high power linac are injected into the cavity. This makes the probability of Compton
scattering three or four orders higher and intense monochromatic gamma rays are expected.

D.I.5.3. DEMONSTRATION OF FP TRANSMUTATION
Based on the above results, PNC would like to demonstrate FP transmutation by an electron linac. In the
first step, the target design will be fixed and its resistance to enormous heat will be examined using a high
power electron linac and a non-active target. Next, FP transmutation will be demonstrated using a
radioactive target and preferably intense monochromatic gamma rays. Based on the test results, the design
of a future transmutation system will become clearer and additional R&D items will be identified.
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D1.6. PNC - ELECTRON LINAC CONCEPT

S Tani arid H Nakamura
Power Reactor and Nuclear Fuel Development Corporation

D 1 6 1 OBJECTIVE

It is quite important to pursue the possibility of transmuting long-lived fission products (FPs), especially
Cs and ^Sr, because of their extremely high decay heat Significant reduction of these elements would
considerably benefit safety and economy of nuclear waste storage
It is difficult to transmute most of these FPs in fission reactors, because of their smaller neutron cross
sections The Power Reactor and Nuclear Fuel Development Corporation (PNC) has been studying the
possibility to transmute FPs, mostly 137Cs and ^Sr using electron accelerator [1] The basic idea is to apply
a photonuclear reaction, using gamma rays produced by the accelerator The advantages of this method are
a smaller production of secondary radioactive wastes and a broader base of accelerator technology This
work has been conducted as a part of the OMEGA program in JAPAN
Figure 1 shows the electron hnacs in the world An extremely high power CW electron Imac (e g
lOOMeV. 1A) will be required in a future transmutation system , because of the high production rate of the
target nuchdes It is quite difficult to achieve such a high power in one step Thus, an energy of lOMeV
and a maximum/average current of 100mA/20mA have been selected as the present objective
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D 1 62 DESIGN OF THE ELECTRON
LINAC
The main specification and the basic
structure of the hnac are shown in Table I
and Fig 2, respectively The beam line
consists of a 200kV DC gun, an RF
chopper, a prebuncher, a buncher,
accelerator guides, and a beam dump
The basic common technical challenges
for a high power hnac are the suppression of
BBU(Beam Break Up), the removal of heat
generated in the hnac and the achievement
of high efficiency To overcome these
difficulties, various new ideas have been
adopted in the design, such as a
non-intercepting aperture grid for the high
current electron gun, an RF chopper system
for low erruttance growth, the TWRR
(Traveling Wave Resonant Ring)
accelerator guides for good maintenance of
maximum accelerator performance, a high
power solid beam dump and a high power
CW L-band klystron using a pill-box type
window The details of the design are shown
elsewhere [2].

TABLE I. MAIN SPECIFICATION OF PNC ELECTRON LINAC

Max. Beam Energy

lOMeV

Max./Ave Beam Current

100 mA / 20 mA

Pulse Length

4 ms

Beam Repetition

50 Hz

Duty Factor

20%

Average Beam Power

200 kW

RF Frequency

1.25 GHz

Length of Microwave

24cm

Mode of Acceleration

27t/3

Klystron Power

1.2MW

Total Length of Linac

16m

BHHiHIHIEraHBR

PB Sc B QM AC1
StC
SC
G-Oun
L-Leas
B - Buncher Quid*

S-Signal Generator

AC2

AC3

AC4

ACS

AC6

AC7

C - Chopper Cavity and SHl
PB - Prebuncber
SIC - Steeriong Coll
Sc-Scraper
QM • Q Uagnet
SC - Solenoid Coll AC - Accelerator Guide
BM - Beam Monitor

D- Driver

K- Klystron

PS - phase Shifter

At. Attenuator

M- Matcher

Ot - Dummy Load

FIG. 2. Scheme of CW Electron Linac in PNC
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D.I.6.3. PRESENT STATUS AND FUTURE PLANS
In addition to the design and analysis, important components such as an accelerator guide and a high
power L-band klystron were built and successfully validated many of the design concepts as a collaboration
work between PNC and KEK (National Laboratory for High Energy Physics) in 1992. Figures 3 and 4
show the view of the TWRR and the klystron used for the test, respectively.
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RF Window

RF Window

Directional
Coupler

Output Cavity
Focusing Coil
Input Cavity

3.5m

Stub Tuner

Anode
tthode

Accelerator Guide

FIG. 3. Layout of traveling wave resonant ring

It was demonstrated that the accelerator guide
could endure a power of SOOkW, without any
electric discharge or thermal deformation. Based
on the test results, the klystron window was
modified to increase heat resistance. The
construction of the high power electron linac is in
progress and all the components will be installed
by March 1997.

FIG. 4. High power klystron

REFERENCES

[1]
[2]

134

H. Nakamura et. al.,"Transmutation of Fission Products through Accelerators", 3"1 International
Exchange Meeting on Actinide and Fission Product Partitioning and Transmutation.
T. Emoto et. al.,"PNC High Power CW Electron Linac Status", Proceedings of the 1994
International Linac Conference.

XA9846567

D.2. LOS ALAMOS NATIONAL LABORATORY ADS PROJECTS
D.2.1. BASIS AND OBJECTIVES OF THE LOS ALAMOS ACCELERATOR DRIVEN
TRANSMUTATION TECHNOLOGY PROJECT
Charles D. Bowman
LER-ADTT, Los Alamos National Laboratory
Los Alamos, NM 87545 USA

The Accelerator-Driven Transmutation Technology (ADTT) Project carries three approaches for
dealing with waste from the defense and commercial nuclear energy enterprise. First, the problem of excess
weapons Plutonium in the U. S. and Russia originating both from stockpile reductions and from defense
production site clean-up is one of significant current and long-term concern. The ADTT technology offers
the possibility of almost complete destruction of this Plutonium by fission. The technology might be
particularly effective for destruction of the low quality Plutonium from defense site clean-up since the
system does not require the fabrication of the waste into fuel assemblies and can tolerate a high level of
impurities in the feed stream. Second, the ADTT system also can destroy the Plutonium, other higher
actinide, and long-lived fission product from commercial nuclear waste which now can only be dealt with
by geologic storage. And finally, and probably most importantly the system can be used for the production
of virtually unlimited electric power from Thorium with concurrent destruction of its long-lived waste
components so that geologic containment for them is not required. In addition Plutonium is not a significant
by product of the power generation so that non-proliferation concerns about nuclear power are almost
completely eliminated. All of the ADTT systems operate with an accelerator supplementing the neutrons
which in reactors are provided only by the fission process, and therefore the system can be designed to
eliminate the possibility of a runaway chain reaction. The means for integration of the accelerator into
nuclear power technology in order to make these benefits possible is described including estimates of
accelerator operating parameters required for the three objectives.
D.2.1.1. INTRODUCTION
Concerns about waste from the defense and commercial nuclear sectors has grown to such an extent
in recent years that it now dominates the nuclear enterprise. The emphasis in the nuclear technology field
has moved from its earlier reactor-design focus into clean-up of defense production sites and a resolution
of the commercial nuclear waste problem. The development of cleaner and safer systems for nuclear energy
generation is almost at a standstill because of growing international concerns about the waste issues. The
predominant approach to this problem for the past thirty years has been the geologic storage of waste
whether it be from the defense or the commercial sector. Geologic storage offers the prospect of confining
nuclear waste by the features of a stable geologic structure rather than relying on long-term containment
of the waste in man-made containers. In addition the waste is made much less accessible by its placement
deep underground. Therefore many countries are providing significant funding for the development and
siting of geologic waste storage facilities. While a number of sites might be under study in a given country,
the intent is to provide a single site capable of confining the high level waste.
It has become increasingly difficult to convince a community to become host to a nation's single site
for storage of waste which many consider to be the nation's most dangerous. The fact that the waste remains
dangerous for many tens of thousands of years exacerbates these concerns. The concern that such
repositories can become mines for Plutonium has become of even greater concern as the U. S. has made
it known that dangerous nuclear weapons can be made from commercial Plutonium [1]. The natural
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transformation of commercial Plutonium into weapons Plutonium by radioactive decay1 means that
eventually many thousands of tons of weapons Plutonium will be stored at many sites around the world.
Some are becoming concerned about the possibility of natural or induced supercriticality of fissile material
stored underground [2]. As a consequence of these and other concerns remaining to be resolved about
geologic storage, no nation is expected to begin emplacement of high level waste in a geologic repository
before the year 2010 and the ultimate viability of the geologic storage concept remains to be demonstrated.
The world is therefore in need of an acceptably priced and safe alternative to the geologic storage
concept. In the U. S. commercial nuclear waste is accumulating at reactor sites and the defense site cleanup effort is struggling to understand what will happen to the Plutonium and other high-level waste which
will be gathered together after the clean-up has been completed. The Los Alamos National Laboratory
along with a rapidly developing national and international community has therefore been studying
Accelerator-Driven Transmutation Technology (ADTT) as a possible means of destruction of this nuclear
waste and of generating nuclear power by systems which do not generate the most dangerous components
of this waste and which concurrently destroy their own waste. If the full capability of the ADTT systems
can be realized at acceptable cost, geologic storage of defense and commercial waste would not be required.
The main elements and function of an ADTT system are illustrated in Fig. 1 for a system which
generates nuclear energy from Thorium, avoids the production of Plutonium and concurrently destroys its
long-lived high-level fission product waste. This system is referred to as Accelerator-Driven Energy
Production (ADEP). The system starts with benign 232Th and converts it by neutron absorption into the
excellent fissile fuel ^U from which electric power is produced. The system consists of a reactor-like
component referred to in the figure as the target-blanket which contains the fissile material and the waste
to be destroyed. For a reactor each fission on average produces enough neutrons after losses to cause
another fission so that the chain of fissions is continuous. For all ADTT systems, the losses are made
somewhat larger by the expenditure of neutrons on waste destruction so that there are about 5-10 % fewer
neutrons than necessary to maintain the chain. Therefore by itself the system is totally passive and
inoperative. However, by making up for the 5-10 % loss of neutrons from an external neutron source, the
system would function effectively even though the chain reaction would not be self-sustaining.
The essential conceptual difference between the ADTT system and a reactor is the presence of an
accelerator to produce neutrons and the presence of a target inside of the reactor-like component to convert
a beam of protons from the accelerator into neutrons. All electric-power-producing reactors presently
operating have means for removing the heat from the system, converting it to steam, and driving generators
for electric power production. These elements are also shown in Fig. 1 with most of the power being sent
into the commercial grid except for 10-15 % being used to power the accelerator. Operation of the system
stops when the accelerator stops because the system fission chain is not self-sustaining. For this reason the
system can be made safe from a runaway chain reaction such as that which occurred at Chernobyl by
entirely different means than that incorporated in other reactors, and many of the safety features required
in accelerators such as control rods may be omitted.
To understand the value of the accelerator more clearly, consider a system containing 233U fuel which
undergoes fission with 92 % probability upon absorption of one thermal neutron and which releases 200
MeV per fission. Assume further that no neutrons are released in fission. The 100,000 MeV released by
500 such fission events would be converted with 42 % efficiency to 42,000 MeV of electric energy. The
accelerator would convert this with 45 % efficiency to 18,900 MeV of proton beam power if all of the
electric power were fed back to the accelerator. For a proton energy of 800 MeV, the accelerator would
produce 18,900/800 = 23.6 protons. At the conversion rate of 25 neutrons per proton which probably can
be achieved, a total of 23.6 x 25 = 590 neutrons per 500 fissions is possible. Upon absorption, 92 % of
these neutrons would lead to fission of 543 nuclei of 233U. Comparing this number with the original 500
fission events, we see that an accelerator-linked chain reaction is possible even if no neutrons were emitted
'The isotope that makes the principle difference between commercial Plutonium and weapons
Plutonium is ^u which decays with a half life of 6,600 years. After about 13,000 years commercial
Plutonium containing about 24 % w>Pu transforms to weapons Plutonium containing about 6 % 240Pu.
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from fission' Of course instead of no neutrons per fission 2 49 neutrons are produced per fission of a 2"U
nucleus so that altogether one has 590 + 500 > 2 49 = 1835 neutrons per 500 fissions for an increase in
the effective number of neutrons from fission from 2 49 to 3 67 if all of the electric power from the target
blanket were fed back to the accelerator This is an increase of more than one neutron per fission and is an
enormous increase in the number of neutrons per Fission which are available to a nuclear system designer
The latter figure is far more neutrons than are required to maintain the fission process and to breed the 21:U
from the Thorium, so that only a small portion of the electric power must be consumed by the accelerator
The possibility to dial the neutron production requirement as desired and to operate effectively a system
well away from cnticality greatly broadens the parameter space available to the nuclear system designer

Accelerator
Delivers 800 MeV proton
beam to target

Power System
Steam-generated electrical
power f 10-20 % returned to
accelerator)

Target
Protons striKirig target
product spailatfon
ttetttrons
Blanket

* tne surrounding fcsstonabte
; fuel fctrcuiatngimotten salt)

fteston products removed from
fuel Long-lfved elements

Isolated for transmutation

Waste Stream
Short-lived fisstoft products to
local engineered storage

FIG 1 ADTT System Components An accelerator produces 800-MeV proton beam which is directed
into a reactor-like assembly consisting of a Lead target for the beam and a surrounding blanket containing
fissile material The beam strikes the liquid Lead target and produces about 22 neutrons per proton The
neutrons are moderated in the surrounding blanket which consists mostlv of graphite and molten salt
which carries the fissile fuel as actimde fluonde The system operates at ke^ = 0 95 so that the system
multiplies the beam-produced neutrons by about a factor of 20 The blanket contains internal heat
exchangers which transfer the heat from the working salt to a secondary external salt stream and then to
a steam generator for electric power production Most of the power is fed into the commercial grid but
some of it is used to power the accelerator The liquid fuel allows the system to be continuously refueled
and allows the waste products from fission to be continuously removed
Owing largely to the enhanced safety of the system one need no longer remain attached to solid fuel
assemblies as in ordinary reactors Liquid fuel becomes an option with all of the many ad\antages it
provides In Fig 1 we show at bottom center a loop carrying the liquid fuel outside of the target-blanket
in a continuous flow An obvious advantage is that the fuel can be continuously added to the system to
make up for that which is burned without shutting down for refueling as in the case of the reactor Of
course, the whole process and expense of solid fuel fabrication required for the reactor is a\oided as well
But there is e\en greater benefit from the ability to remove the fission products from the liquid fuel on-line
without stopping the system for removal of solid fuel assemblies By means which will be described later,
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the liquid fuel can be continuously cleansed of the fission products which act as neutron poisons Those
long-lived fission products which would ordinarily require geologic storage can be returned to the system
to be converted by neutron absorption to stable or short-lived fission product
Since only fission product is removed from the system, there is no actmide waste etcept for a very
small amrunt which sbps through in the fission product separation process Because the long-h\ed waste
is destroyed, the only waste from the system is the short-lived and stable fission product This waste is made
up of a number of different species but none of the waste species have half-lives longer than 30 years

Containers can be made to confine this remnant waste until the radioactivity has decayed away b> a factor
of 1,000 or so Geologic confinement of the waste is not required because, as is shown later, the remnant
waste can be made to satisfy near surface disposal criteria of the NRC and the EPA If the site of the ADEP
system meets the criteria for near-surface disposal, the waste need not leave the site Therefore only benign

Thorium need be brought to the site and no waste need be earned away
More will be said later about the Thonum-burning system about weapons Plutonium and commercial
waste destruction, and the relationship between the latter two technologies
D 2 1 2 TARGET-BLANKET DESCRIPTION

More detail on the target-blanket system is shown in Fig. 2 The system consists of a stainless steel tank
vv hich contains graphite blocks for neutron moderation and reflection and a molten salt earner for the fertile
and fissile fuel which w ill be descnbed below The graphite and molten salt are known to be compatible
with one .mother from extensive expenence at Oak Ridge National Laboratory with the Molten Salt Reactor
Beam
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FIG 2 Target blanket function The proton beam enters through a window at the top of the system and
strikes a liquid Lead target at the center The Lead is circulated and cooled from above Five layers of
graphite blocks are shon n which moderate the neutrons The molten salt fuelflou s upn ard through holes
in the blocks and to the outside through pumps and heat e ^changers and back to the bottom Graphite on
all sides sen'es as a neutron reflector A cover-gas of helium collects the volatile species and carries them
awa\ for appropriate separations
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Experiment (MSRE) [5]. The molten salt flows upward through holes in the graphite blocks across the top
of the system to internal magnetic pumps and heat exchangers and back to the bottom of the system. The
heat from fission is transferred in the heat exchangers to an external salt loop which carries the heat to
steam generators for electric power production. The molten salt is a LiF-BeF2 eutectic which melts at about
450 degrees centigrade and operates at between 650 and 720 °C. Almost all elements react as fluorides and
can be dissolved in small but adequate amounts into the carrier salt for the transmutation and fission
requirements. A cover gas of helium is circulated above the molten salt to collect and remove the noble gas
and volatile fluoride fission products from the salt. The molten salt never leaves the tank, except for a small
slip-stream for on-line refueling and waste removal, and therefore there is no possibility for spillage of the
salt through pipe breaks.
Other liquids such as water could be chosen for the carrier. However the salt has the advantage of being
an excellent solvent for almost any of the elements present in the system. It also has a low vapor pressure
at high temperature which is a major safety advantage allowing operation without a pressure vessel which
would be required for a higher vapor pressure medium such as water. The higher operating temperature
allows a thermal-to-electric efficiency which might be as high as 44 %. Also the salt is non-reactive with
air, nitrogen, or concrete, in contrast with for example, the liquid sodium coolant on which fast reactor
technology is now based.
The neutrons are produced at the center in a liquid Lead target. Protons enter from the top through a
window and are stopped in the Lead, with the Lead pump and heat exchanger on top of the tank. The Lead
is confined by metal resistant to corrosion by the Lead. Since the corrosion properties of the Lead are
different from those of the molten salt, the Lead and salt are separated by an inner container compatible
with the Lead and an outer container compatible with the salt. The metal for the salt containment probably
will be Hastelloy-N developed for the MSRE and for the Lead it probably will be Inconel.
The system operates at a k^ of about 0.95 compared to Ic^ = 1 for a reactor. The neutrons produced by
the accelerator therefore are multiplied by a factor of about 20 for and therefore an ADEP system producing
power from Thorium with a fission power of 250 MW, for an electric power output of 100 MW would
require an accelerator capable of producing 6 ma at 800 MeV and consuming 11 MW of electric power.
The thermal-to-electric conversion efficiency for such a system would be 44 %. The bussbar-to-beam
efficiency would be 45 %.
All systems which produce nuclear power from fission must protect against a potential loss of coolant
accident (LOCA) which might occur when the primary coolant system fails and the fission product decay
heat builds to dangerous levels. The nuclear reactors now operating have active redundant systems which
come into action when the coolant system fails. Newer designs for reactors include passive means to deal
with this situation. For example the power density and total power capacity of the reactor might be kept
small enough so that the heat can be transferred to the outside of the reactor vessel and from there away
from the system into the surroundings by convection or radiant heat loss. The power of such a passive
system is usually limited by the rate of heat transfer to the vessel with the components at the center of the
reactor being at highest risk.
The ADTT systems are also designed with passive capability for after-heat removal. They have the
advantage over water-containing systems that the temperature can be allowed to rise much higher because
the ADTT system contains mostly low vapor pressure high melting or vaporization temperature materials
such as graphite and molten salt. Therefore much higher temperatures can be tolerated in the ADTT
systems without risk of internal damage or dangerously high pressures. In addition to the use of liquid fuel,
the incorporation of an internal inside-to-outside flow path and natural convection both contribute to
enhanced heat transfer from the inside to the outer wall of the blanket. Therefore ADTT systems can be
designed for substantially higher electric power capacity than conventional reactors while still maintaining
the passive heat removal capability.
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D.2.1.3. GEOLOGIC STORAGE AND THE ADTT SYSTEM
From the beginning of the development of the ADTT program, the discussion has continued as to
whether the ADTT system requires a geologic storage facility as back-up for the untransmuted waste. The
purpose of this section is to address the question of the requirement for geologic storage of remnant waste
after destruction of the actinide and the long lived constituents of the fission products. It will be shown here
that near-surface storage of this waste might be made consistent with existing NRC and EPA regulations
with an addition to the regulations for storage of Cs, Sr, and Kr for about 200 years until they meet lowlevel radioactivity levels covered by existing regulations.

D.2.1.3.1. Review of Regulations
To begin the discussion, it is useful to review several aspects of near-surface waste storage. Waste
destined for near-surface storage is divided into three classifications as class A, B, and C waste.
Class A waste is the most benign and it can be stored at the surface without stabilization. That is, no
special precautions must be made to protect the system from natural dispersion mechanisms such as rainfall,
wind, etc. There are of course some restrictions such as exclusion from flood plains and from unstable land.
The site must be clearly marked, and monitored for 100 years but no fencing is required. After that time
it is assumed that controls are no longer operative and that the site should not be dangerous to an
inadvertent intruder. An inadvertent intruder is defined in NRC Regulation 10 CFR 61.2 as;
"a person who might occupy the disposal site after closure and engage in normal activities such as
agriculture, dwelling construction, or other pursuits in which the person might be unknowingly exposed
to radiation from the waste."

Class B waste must be immobilized or contained by components in the waste site that maintain their
"gross physical properties and identity" for 300 years. Surface storage is permitted and institutional control
is required for 100 years. Productive use of the land during this 100-year period is possible so long as the
"integrity and long-term performance of the site are not disturbed." Therefore the site perhaps might be
used as a parking lot. Elsewhere in 10 CFR 61 the use of concrete in such systems is suggested and it is
proposed later in this report to use that means for immobilization.

Class C is reserved for waste with even greater radioactivity concentrations. This waste also requires
stabilized waste forms or waste containers. This waste must be stored at least five meters below the ground
surface such that after 500 years the waste would not be a hazard to an inadvertent intruder or to the public
health and safety.
There is no absolute limit on the amount of radioactivity which can be emplaced at one site, whether
designated Class A, B, or C. The amount is only limited by the radiation released to the surroundings and
risk to an inadvertent intruder. The radiation released from the site "must not result in an annual dose
exceeding 25 millirems to the whole body, 75 millirems to the thyroid, and 25 millirems to any other organ
of any member of the public." This release criterion for near surface disposal is the same as that for a
single geologic storage system built to confine all of the radioactive waste of the nation. The siting criteria
for surface storage of waste are specifically stated in 10 CFR 60 and are easily met so that such facilities
can be sited almost anywhere except in flood plains, areas of unstable land, etc. Therefore there could be
many such sites and almost certainly many more than one in every state. If there were 100 such sites in the
U. S., the total radioactivity burden in a single site could be 1/100 of that at a national central repository.
If in addition these sites were receiving the remnant waste from an ADTT system which reduces the long
lived constituents by a factor of about 1000, the long-lived radioactive waste burden for any single site
would be smaller by a factor of 100,000 than that of a single geologic repository without transmutation. It
therefore seems likely that the surface storage sites for remnant waste following transmutation could meet
the whole body and specific organ dose limits for a much smaller radiation source term even though the
confinement capability of the surface site would be less than that from a geologic site. This probably would
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have to be demonstrated on a site-by-site basis.

It might be argued that if the waste is distributed over 100 sites instead of a single geologic site, that
more people would be endangered. The spirit of the release limit however is that the dose received be too
low to risk harm to the surrounding population. Therefore the same release limits apply to each of the many
low-level waste sites as apply to a geologic storage site for the nation's entire commercial spent fuel. The
number of people exposed is considered not to be a factor because no member of the public is to be
subjected to a dangerous dose from any waste site...either high or low level.
The other type of restriction for the inadvertent intruder into the site relates to the concentration of the
waste and to whether the waste stream from a transmutation system meets the concentration limits for class
A, B, or C waste. Classes B and C waste require stabilization before emplacement. The method of
stabilization chosen for this report is mixing with concrete, a material already mentioned in 10 CFR 60 as
appropriate for use in surface storage systems. The stabilization before emplacement as required by the
regulations will obviously result in the dilution of the waste. There are no statements in the regulations
about the degree of the dilution allowable....only limits regarding radiation release to the surroundings and
dose to the inadvertent intruder, which depend on dose concentration. Weakly contaminated dirt which
is being cleaned up from some of the sites at Los Alamos and elsewhere can be disposed of in surface
storage if the contaminated material meets the regulatory limits for radiation release or dose to an
inadvertent intruder. For the remnant waste after transmutation from a 3000 MW, commercial reactor, we
assume stabilization with 50 m3 of concrete per year. Assuming the waste to be Class C, these blocks which
might be 1m xlm x2m = 2m3 would have to be stored under 5 meters of overburden according to 10
CFR 60. If stacked end-on, one year's remnant waste from a 3000 MWt system would occupy a surface area
of 5m x 5m. The waste from 35 years of operation of the facility would therefore occupy approximately
a 30 m by 30 m area. Since the land can be put to some beneficial use, this area would be much smaller
than a 3000 MW, plant's parking lot and could be used as a small part of the plant's parking lot.
It would be correct to argue that stabilization amounts to dilution, but stabilization is required for class
C storage and dilution is not forbidden by the regulations. In fact stabilization, which is required, demands
some level of dilution by the stabilization medium. The operating criteria are (1) dose to an inadvertent
intruder and (2) leakage of radiation from the site into the surrounding environment.

D.2.1.3.2. Disposition of remnant waste from ADIT systems
For ADTT the issue then is what should happen to the remnant waste stream. This stream may be
considered to have three components for the accelerator-driven transmutation of waste system (ATW). We
assume here a system designed to deal with the actinide and fission product waste from a single 3000 MW,
LWR thermal reactor destroying the waste at the rate that the waste is being produced in the reactor. The
first components of the waste encountered in transmutation are the Uranium, which is the primary
constituent of the spent fuel, and the Zirconium cladding. These components probably could be stored for
reuse and are discussed later. The liquid fuel system allows the continuous feed of all of the waste left over
after Uranium and Zirconium removal including both higher actinide and fission products. The ATW
system destroys the higher actinide waste by fission generating an average fission power of about 750 MW,
per 3000 MW, reactor. The liquid fuel system also allows the continuous removal of fission products. The
only actinides which escape are those which contaminate the fission product removal process. We assume
that the atom fraction of actinides in the fission product removal stream can be held to 1 part per 10,000
and next compare the actinide loss rate with the Class C criteria for actinides.
This is illustrated in Table I where the first four columns show the isotopes, the annual production rates,
the half-lives, and the decay rates. The fifth column shows the decay rate of the 1/10,000 of the actinide
escaping from the transmuter through the separations process into the fission product stream. Stabilization
of this annually escaping quantity of actinide waste with 50 m3 of concrete as described above gives the
decay rate per gram of column 6. This may be compared with the class C decay rate limits for these
actinides given in 10 CFR 61 and shown in column 7. Except for the shorter half-life nuclides ^Pu,Ml Am
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and ^Cm, the concentrations are about a factor of 10 lower than the limits. For ^Pu we use the limit given
in 10 CFR 61.55 for the parent ^^m. For MIAm we use the limit given for the parent ^'Pu. Applying the
sum-of-fractions rule for combining the decay rates for several isotopes as given in paragraph (a) (7) of 10
CFR 61.55, the sum is still well below the decay rate limits. Therefore if the separations can be
accomplished at the 1/10,000 level, the remnant could be disposed of as Class C waste.
A similar evaluation of fission products is summarized in Table n where those isotopes with half-lives
10 years or greater are listed along with their production rates, half-lives, and decay rates. The isotopes are
divided into groups according to the treatment received and each group is discussed below.
1. l37Cs, !3iCs, andwSr

These isotopes cannot be handled as near-surface low-level waste and they cannot be transmuted with
significant beneficial effect using accelerators. Therefore they must be removed from the waste stream with
a separation factor of 10-100. Column 6 shows the decay rate of the isotope left after the separation. Once

isolated, the cesium and strontium must be stored until their radioactivity decays by about a factor of 100
or for about 200 years before they can also be disposed of as Class C waste. Containers can be built for
containment for this storage period so that geologic storage is not necessary. The cans must be isolated from
the public and protected so that they maintain their integrity. They must be stored with passive means for
decay heat removal through this storage period. While geologic containment is not required for these
relatively short-lived nuclides, they do not qualify for near-surface storage and new regulations must be
developed for handling them on the transmutation site or at a central limited period storage site.
2. '07Pdand93Zr

These nearly noble metals materials are almost benign with long half-lives and weak decay energies.
No Class C limit is given explicitly for these in 10 CFR 61.54. However the limit for the semi-noble metal
w
Nb is given as 0.2 curies/m3. It is more chemically active than either Zirconium or palladium and its decay

energy is more than a factor of ten higher than both. Therefore we assume that the Class C limit for 107Pd

and 93Zr would be at least a factor of ten higher than for ^Nb and use the 94Nb limit increased by a factor
of ten to 2 curies/m to estimate the regulatory limit. With this limit no separation of these isotopes from
the rest of the fission product waste would be required before storage as Class C waste and transmutation
would not be necessary.

3. 79Se and '26Sn

No regulatory limit has been established for these nuclides. We assume their chemical reactivity is
comparable to wNb as are their decay energies. Therefore we use the Class C limit for wNb of 0.2
Curies/m3. A separation of a factor of ten must be achieved to reach the assumed Class C limit for each of
these. These isotopes must be transmuted.
4. "Tc,andn9I

These nuclides are perhaps the most chemically mobile of the long-lived fission products and regulatory
Class C limits exist for them. To reach these limits, the "Tc must be separated by a factor of 100 and the
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I by a factor of 10. These nuclides must be transmuted.

5. >5'Sm

This nuclide exhibits a very weak decay energy and we therefore assume the limit of 2.0 curies/m3
derived from the established limit for ^Nb. To reach this limit, the separation factor must be about 300.

The separated material must then be transmuted.
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TABLE I. CHARACTERIZATION OF THE LONG-LIVED FISSION PRODUCT WASTES

Isotope

Annual
Production

Halflife

Decay Rate

(years)

(Curies)

Separation factor
and decay rate
(Curies)

Concentration
After
Stabilization"
(Curies/m3)

Class C
Decay Rate
Limit
(Curies/m3)

(Atoms/a)
xlOM
79

Se

0.13

65,000

11.9

10

1.2

0.024

0.2

^Sr

9.0

29.1

1,860,000

10

190,000

3800

7000

93

Zr

15

1,500,000

60

1

60

1.2

2.0

"Tc

15

213,000

426

100

4.26

0.85

3.0

.07pd

4.1

6,500,000

3.8

1

3.8

0.076

2.0

126

0.46

100,000

27

10

2.7

0.054

0.2

I29j

2.7

15,700,000

1.0

10

0.1

0.002

0.08

l35

4.2

2,300,000

8.4

100

0.084

0.0017

0.08

l37

Cs

14

30.2

2,800,000

100

28,000

560

4600

151

Sm

0.16

90

11,000

300

37

0.74

2.0

85

Kr

1.0

10.7

560,000

1

Sn

Cs

Stabilized with 50 m of concrete
OJ

560,000

TABLE II CHARACTERIZATION OF THE LONG-LIVED ACTINIDE WASTES

Annual
Production
(Atoms/a)

Half life

Pu

Isotope

(Years)

Decay Rate
(Curies)

Reduction by
Separation0
(Curies)

Concentration
Class C
After
Decay Rate Limit*
Stabilization*1
(Nanocuries/gram)
(Nanocuries/gram )

1.13 x 1025

88

7.5 x 104

7.5

68

20,000b

239pu

41.6 x 1025

24,100

1.0 x 104

1.0

9.1

100

240pu

19.2 x 1025

6,560

1.7 x 10"

1.7

15.

100

24,p u

6.4 x 1025

14.4

2.7 x 106

270.0

2454.5

3500

242pu

3.9 x 1025

375,000

6.1 x 10'

.006

0.05

100

237

Np

3.7 x 1025

2,140,000

1.1 x l O 1

.001

0.009

100

241

Am

4.1 x 1025

433

5.5 x 10"

5.5

50.

3500b

243

0.73 x 1025
7,370
Am
Used decay limits from 10 CFR 61.55

5.9 x 102

.059

0.54

100

238

b
c
d

Used decay limit for parent from 10 CFR 61.55
For a separation factor of 10,000
Stabilization with 50 m3 of concrete

This noble gas is difficult to transmute because its cross section is small and gas-containing systems
inside a nearly critical system must be avoided for criticality safety reasons. According to regulation, it
must therefore be stored in 100 Curie or smaller amounts in separate containers with a volume of about
100 ml. These containers must then be immobilized in the Class C waste in accordance with 10 CFR 61.54.
There are no regulatory limits to the number of containers, but 5600 would be required per year. It would
therefore probably be preferable to collect the gas in yearly production volumes of about 10m3 and store
it along with the cesium and strontium. After 200 years the container confining the remnant could be stored
as Class C waste according to regulations.
Of the eleven long-lived fission products, two require no action. The other nine must be separated
using eight chemical separations and five of these must be transmuted and stored as Class C waste with
the other fission product. The remaining three (Kr, Sr and Cs) must be placed in engineered storage for
about 200 years. After the 200-year period, the latter four can be stored permanently as Class C waste also.
The five isotopes to be transmuted constitute about 6 % of the fission product and will require about 300
moles of neutrons per 3000 MW,-year of reactor operation. These neutrons may come either from an
accelerator or from the excess neutrons produced by the fission of weapons Plutonium or highly enriched
Uranium. Once the five long-b'ved fission products have been destroyed, the remnant fission product waste
can be diluted and stored in concrete at the rate of 50 m3 per year per 3000 MW, fission power. For the Los
Alamos Thorium burner, which transmutes its own fission product and produces 200 MWe (500 MW,) for
35 years, the subsurface storage area required for Class C waste immobilized in concrete if stored two
meters thick would be about 12 m x 12 m.
The Uranium and Zirconium cladding are nearly benign materials and could be stored in containers
at some central site for probable future use. There is no apparent reason now to place them in geologic
storage where they would be almost inaccessible by definition.
In summary, with transmutation and separations factors which need not exceed 10,000 and more nearly
1,000 for actinides and about 100 for fission product, remnant waste would not require geologic storage.
For the on-site transmutation of the waste from a commercial nuclear power plant, the fission product
immobilized in concrete could stay on the reactor site as Class C near-surface waste. The Cs, Sr, and Kr
could stay or be moved in accordance with state and local government decisions. Without the need for a
central geologic repository, the federal government need not become involved in the siting of waste storage
facilities. Its role would be limited to providing the regulatory framework for near-surface storage.
D.2.1.4. WEAPONS PLUTONIUM DESTRUCTION (ABC

SUBPROJECT OF ADTT)

This is the first of the three applications which were mentioned at the beginning of this paper and has
been pursued under the acronym ABC for Accelerator-Based Conversion. Excess weapons Plutonium (wPu) is being made available by major reductions in the U. S. and Russian stockpile of nuclear weapons and
by the clean-up of U. S. and Russian w-Pu production sites. Altogether more than 100 tons of this material
exists [1] with perhaps 20 % of it being material reclaimed from the production sites. The ultimate
disposition of w-Pu has been the subject of recent intensive study in the U. S. Basically three options are
considered: (1) burning of the Plutonium to the point where it has roughly the same isotopic composition
as commercial Plutonium (c-Pu), referred to as the "spent fuel standard" followed by geologic storage, (2)
geologic storage of the w-Pu without burning after vitrification with defense radioactive waste, or (3)
complete burn-up of w-Pu.

Since there is about ten times as much c-Pu as w-Pu in the world today and the c-Pu is increasing
rapidly, present U. S. policy appears to favor burning the w-Pu to the spent fuel standard. The advantages
of this seem to be that the w-Pu then becomes a small increment on the already larger c-Pu inventory, the
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w-Pu is less effective as weapons material, the radioactivity of the burned w-Pu is a deterrent to the
handling of this material in nuclear weapons fabrication, geologic storage of the burned Plutonium makes
it much less accessible than it now is, and the technology to burn the w-Pu to the spent fuel standard exists
now. The arguments against the spent fuel standard are that the resulting material is still quite effective for
weapons construction, that it probably could be recovered from geologic storage without great difficulty,
and that there is very little near-term political advantage because it will probably take 30-50 years to
complete the conversion to the spent fuel standard and the placement of the material in geologic storage.

Perhaps most importantly, disposing of the material this way costs money or yields negative value from
the w-Pu whereas there are clearly large positive-value uses for this material for start-up of the ADEP
system and for ADTT commercial waste destruction. The destruction of commercial nuclear waste
requires supplemental external neutrons all of which could be supplied by an accelerator. However the
neutrons could also be supplied by fission of weapons material. The weapons materials are valuable for
weapons precisely because they are an excellent source of neutrons. Each fission of 239Pu produces 2.88
neutrons of which one per fission must be used to sustain the chain reaction. An additional 0.35 per fission
are lost because not all neutron absorptions in 239Pu lead to fission and a total of about 10 % of the neutrons
per fission are lost to parasitic capture and leakage. After subtracting off these losses of neutrons, one is
left with about 1.2 excess neutrons per fission available for other uses. The number of neutrons from HEU
is slightly smaller. In the burning of commercial waste using the ADTT technology, the accelerator supply
of neutrons can be reduced by about a factor of two by the use of w-Pu or HEU. Since the accelerator
source can be reduced significantly and we know roughly what the cost of the accelerator-produced
neutrons is, the price which could be paid for w-Pu and HEU in this application can be estimated from the
savings in cost of the accelerator, which are relatively well known. The value for w-Pu is found to be
perhaps as high as $250,000 per kilogram[3]. This value is far more than the value of HEU blended down
for commercial reactor fuel. An even higher price could be paid for w-Pu and HEU for the one initial load
required for the ADEP system without bootstrapping from the commercial grid using the accelerator.
If one compares the present inventory in the U.S. and Russia of w-Pu and HEU to the amount required
for destruction of the world's nuclear waste, there is a surprisingly good match, so that all of these materials
could be used for commercial waste destruction. It can be argued that the price quoted above is artificially
high because HEU can be separated from natural Uranium at a much smaller price and that therefore a
major need for either w-Pu or HEU would be satisfied by lower priced newly produced HEU. However
continued production of HEU would not be consistent with international agreements to forego the
enrichment of Uranium to HEU when much smaller enrichments are quite sufficient for use as fuel in all
of the world's commercial nuclear power plants. International political agreements therefore probably
would make it difficult or impossible to produce HEU for commercial waste destruction. Nevertheless, a
user of HEU or Plutonium would argue effectively against paying the high accelerator-displacement value
when it could be produced anew much more cheaply. A value higher by a factor of two than that for new
HEU might be paid for existing HEU or w-Pu in which case the 100 tons of w-Pu might be valued at about
$50 billion and the ten times larger amount of HEU at about $500 billion. Such high positive values for
these weapons materials would be good news from the perspective of weapons material security since we
willingly guard our valuables and grudgingly pay to dispose of our waste. Fortunately Russia still considers
its weapons material valuable and we can expect that it will be more carefully guarded if the U. S. policy
is directed toward maintaining the high value perspective. Furthermore, since the value for the material is
not received until the weapons material is sold for the desired purpose, one can expect the desire for
converting the book value to real value to drive the sale of the material as soon as the waste destruction
facilities are able to use it. The temptation to hold on to the material for weapons purposes is countered
by the high value which could be obtained when it is sold.
Quite obviously these arguments for use of the weapons material for high value purposes are
inconsistent with w-Pu destruction which is the purpose of the discussion in this section of the paper. None
of the three options for near-term negative value w-Pu disposition identified by the National Academy
Study [1] would be favored from the perspective of ADTT. This is especially true since the burning of wPu (or HEU) produces many more neutrons than are required to sustain a chain reaction so that the main
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purpose of the accelerator, which also is to produce surplus neutrons, is superfluous. The accelerator is
however useful if high bum-up of the Plutonium is required so that there is virtually no Plutonium in the
waste stream and the isotopic composition is incompatible with use of the remnant as weapons material.

Thus the Los Alamos National Laboratory has proposed an accelerator-driven subcritical system [4]
in which fission product poisons are allowed to build up they consume not only the excess fission neutrons
from w-Pu fission, but also the supplemental neutrons from the accelerator. The system achieves very high
burn up without fuel reprocessing or fuel fabrication and refabrication. Also no chemistry for fission
product removal is required. The General Atomic Corporation has proposed a program with a similar
objective. Its helium-cooled graphite-moderated reactor with w-Pu fuel particles suspended in the graphite
has been proposed as the first stage of w-Pu destruction. After the Pu has been burned sufficiently that it
will not sustain criticality, the fuel is transferred to an accelerator-driven assembly which continues to
destroy the Plutonium using accelerator-generated neutrons until keff of the system has dropped to about
0.6. The bum-up of the Los Alamos and the General Atomic systems are similar and are the highest of any
of the proposed w-Pu-buming systems; neither require fuel reprocessing or fuel refabrication. Present U.
S. DOE policy towards w-Pu burning seems to be to burn the Pu only to the spent fuel standard. The Los
Alamos ADTT Project Office position is that preferably the w-Pu either should be burned completely or
reserved for enhancing commercial spent fuel waste transmutation as described above with the latter choice
much preferred.
D.2.1.5. ACCELERATOR-DRIVEN ENERGY PRODUCTION (ADEP SUBPROJECT OF ADTT)

Perhaps the most important element of the ADTT project in the long term is the Accelerator-Driven
Energy Production (ADEP) which uses Thorium as a nuclear fuel. The system is based on the Th-U cycle
in which 232Th is converted by neutron capture to thermally fissile 233U. This cycle has been studied
extensively [5] for use in commercial nuclear reactor power generation. The primary objective of the
molten salt reactor experiment was to show that an effective breeder reactor could be built on this cycle
which produced more 233U than it consumed. This reactor technology lost out to the fast breeder based on
the U-Pu cycle because its breeding ratio was barely larger than unity even when fission products were
promptly removed from the fuel. The U-Pu cycle showed much higher breeding ratios at a time when
Plutonium was in demand rather than in excess.
A major advantage in the present climate is that the Th-U cycle produces almost no Plutonium. The
Th-U cycle development program also focused on a molten salt liquid fuel program with on-line removal
of fission products, and the operation of a liquid fuel reactor was demonstrated with the several-year
Molten Salt Reactor Experiment (MSRE) at the Oak Ridge National Laboratory. Not only could fission
products be continuously removed from this system but the liquid fuel allowed the reactor to be
continuously refueled. For this reason the MSRE still holds the world record for the longest continuous
chain reaction. A great deal of successful research was done on the materials to contain the salt and all of
the ADTT projects rely on the materials work done for the MSRE. While the MSRE had virtually no
actinide waste stream, it had the usual fission product waste and its neutron economy did not allow it to
breed as much 233U as it bumed and still have excess neutrons left for transmutation of its fission products.
By preserving many of the design features of the MSRE and introducing an accelerator into the system,
one achieves the capability to produce as much 233U as is burned so that the nearly unlimited energy
available in Thorium can be accessed. In addition the extra accelerator-produced neutrons enable the longlived fission products to be avoided so that there is no long-term high-level waste stream from this system.
Because of the subcriticality of the system a runaway chain reaction can be made much smaller than any
reactor and perhaps the probability for such an event can be reduced truly to zero. These three features of
"unlimited" energy, criticality safety, and absence of high-level waste are the highly touted features of
fusion systems which have been heavily studied for the many years. We believe that we can demonstrate
these benefits to society during the coming decade by merging established reactor technology with the
existing highly developed accelerator technology. The system produces almost no Plutonium and it is has
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excellent non-proliferation features. This system has already been described in some detail at the beginning
of this report so we will concentrate mostly here on the non-proliferation features which are of vital
importance for any new nuclear power system
All existing commercial reactors for production of nuclear power produce Plutonium as a by-product
which is seen by many as an asset because of the additional power which can be derived from it. Others
see it as a serious liability since it can be used for nuclear weapons and because of radiological concerns.
The established means for separating the Plutonium for reuse in reactors produces a stream of "naked"
Plutonium. This Plutonium is pure and unmixed with other material which would inhibit its usefulness in
nuclear weapons. This material might be diverted in the separation facility, in storage, in transport to fuel
fabrication facilities, etc. There is the fear that in some countries it will simply be stockpiled for planned
or possible future use in nuclear weapons. Therefore the U. S. has followed a policy of discouraging the
reprocessing of commercial spent fuel and the use of Plutonium for energy generation.
Instead the U. S. and Sweden follow a once-through cycle where the spent fuel would go directly from
reactor storage to geologic repository storage. Some are concerned about the consistency of U. S. policy
if the once-through policy is proposed as a waste management solution, which will promote the much
greater use of nuclear power throughout the world. In that case there eventually would be many
repositories spread all over the world which could be mined for Plutonium. Furthermore the reactor-grade
Plutonium decays into weapons-grade Plutonium. Therefore neither reprocessing, as it is presently
performed, nor once through geologic storage are entirely satisfactory solutions. The ADEP program offers
the opportunity to have the benefits of nuclear energy without the weapons potential from Plutonium or
other material which could be used for nuclear weapons.
The ADEP system is fed 232Th and transforms it to 233U which is then fissioned to obtain the nuclear
electric power. After a stable equilibrium is reached, there will always be a fixed amount of B3U in the
system which might be accessed for nuclear weapons.
A number of non-proliferation features of the ADEP system will be described below, which limit the
amount of 233U available to a much lower amount than 239Pu in current LWRs. They also limit its
accessibility, allow simple detection of any diversion attempt, and allow low impact actions to forcefully
terminate any diversion which is underway, if necessary.
Limiting the amount of fissile material present

Fast reactor technology which is being pursued in many countries around the world carries a large
inventory of Plutonium. The fundamental reason for this is that the fission cross section for 239Pu in the fast
neutron spectrum is smaller by about a factor of 100 than that for thermal spectrum fission of 239Pu.
Therefore, other things being equal, the inventory for the thermal spectrum system is smaller by about a
factor of 100 than for a fast spectrum system. The neutron flux for the thermal system is about a factor of
ten smaller so that as a practical matter the thermal system requires about 10-30 times less material than
a fast spectrum system. The same situation is true for 233U when fast and thermal spectrum systems are
compared. Generally speaking the ADEP system will carry about the same amount of a3U as an LWR has
of a5U and 239Pu together if the flux and power level are the same. The primary point here therefore is that
the ADEP system carries a much smaller inventory of potential weapons material than the fast reactors
under development in other countries.
Isotopic dilution of233U in ADEP

If the 233U were diluted with 238U to the 20 % level or lower, the B3U would be classified as nonweapons material according to present regulations. A 500-MWt thermal ADEP system can be brought
immediately into power production by a start-up inventory of 10,000 kg of Th and 700 kg of 20 % low
enriched Uranium (LEU) where the 20 % is 235U. The original 235U will be burned out over time and
replaced with U3U derived from the Thorium. The distribution of isotopes reached after ten years of
operation is given in Fig. 3 where the amount is given in grams. At ten years, which is essentially
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equilibrium, the Uranium fissile material inventory will be 100 kg of 233U along with 10 kg of 235U for a
total fissile content of 110 kg. The amount of ^'U present at this time is about 600 kg so that the required
isotopic dilution of about 20 % is maintained. However the inclusion of B8U in the systems will result in
the production of a small amount of 239Pu. The isotopic distribution of Plutonium as 239, 240, 241, 241,
and 242 is present in the amounts of 1.2,1.2,0.3, and 2.5 kilograms. The ratio of fissile to total Plutonium
is 0.29 so that the Plutonium would be very poor quality weapons material and there would be only 5.2
kg of Plutonium altogether to be accessed.
"Raiding" the ADEPfor

233

U through 233Pa

The conversion of 232Th to 233U is a three-step process involving neutron capture by 232Th to produce
which decays almost immediately to 233Pa, which itself subsequently decays with a 26-day half-life
233
to U. Fig. 3 shows that the inventory of ^Pa in the system is about 22 kilograms. If operation of the
ADEP system were interrupted and the molten salt removed, it would be possible in principle to separate
the 233Pa before it decayed to 233U from the 8000 kg of other actinide. If such a separation could be
completed in about 26 days, about half of the ^^a could be recovered. When this half decayed to 233U, the
11 kilograms of 233U resulting would be useful weapons material. The separation in question would be a
dangerous activity in view of the very high radioactivity of the salt so soon after shut-down. Ordinarily
spent reactor fuel is allowed to decay 300 times longer (about 10 years) before separations begin. A further
operational factor would be that the value for kg^ for the system would have dropped to about 0.85 from
the normal value of about 0.95 by the removal of the 11 kg of 233Pa. This may be compared with about 100
kg of Plutonium which could be recovered from the interruption of operation of an LWR operating at the
same thermal power level. A fast spectrum reactor of similar power would carry about 1000 kg of
accessible Plutonium.
With the removal of the 11 kg of 233Pa, the thermal power level would have decreased by a factor of
three and the net electric power into the commercial grid by a factor of about five while the accelerator
power would have remained the same. The power level would recover over a period of several months,
but the inconsistency between the accelerator power and the electric power output would be readily
observed by infrared mapping from satellites or by other means.
Benefits from "lock-up" of733 Pa

There are two disadvantages if the 233Pa is allowed to circulate freely in the salt. The first is that a "raid"
on the 233Pa might be started by draining the salt, although the follow on separations would be exceedingly
sophisticated and dangerous. The second is that performance degradation through neutron capture on 233Pa
limits the flux to about 2 x 1014 n/(cm2s). The gain from internal isolation of the 233Pa during its decay
period would offer many benefits in overall system performance.
Start-up without fissile material

There might be nations which could benefit greatly from nuclear power but which are considered to
be substantial proliferation risks. In those cases providing non-radioactive LEU at 20% enrichment to start
up the system might be considered a proliferation risk in that much of the enrichment towards highly
enriched Uranium has already been done. The start-up load might be diverted for enrichment for weapons
use instead of being used for its intended purpose. The ADEP system can be brought into operation with
no fissile material at all. For a system initially containing only "^h, the accelerator can be powered off
the commercial grid and the neutrons produced used to produce 233U. As the fission of the 233U increases,
the neutron flux also increases generating even more ^HJ so that over a period of six to twelve months the
system bootstraps itself to full power. No reactor existing or under development can operate with
absolutely no fissile fuel load.
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FIG. 3. Actinide isotopic distribution for the ADEP system. The distribution ofactinide isotopes for the
ADEP system is given ten years after start-up long after the system has reached equilibrium. The fission
power level of the system is 500 MWr The system was stoned with 10,000 kg of Thorium and 700 kg of 20
% enriched Uranium. The inventory is given on the ordinate in grams for isotopes from 232Th to 246Cm. The
233
U is diluted with 233U such that the 233U is never useful weapons material. The amount of Plutonium in
the system is very small and is of a very poor isotopic ratio. The 233Pa decays in 26-day>s to 233U. As
described in the text it might be possible, using heroic measures, to extract a fraction of the 22 kg present.
The loss of this material would have a significant effect on keff and probably could be readily detected
remotely.

Remote detection of anomalous operation and possible diversion

All conventional nuclear power systems deployed or under development use solid fuel which must be
enriched, fabricated, brought to the site, burned, stored, eventually removed from the site, perhaps
reprocessed, returned to the site, and finally placed into a repository. Each of these transfers might require
a measurement to confirm the amount of fissile material present in the system. If each measurement could
be done to 1 % accuracy and nine were required, the total uncertainty over the fuel cycle for nine
independent measurements would be about 9m x 1% = 3 %. Since a 3000-MW,reactor typically bumsabout 1200 kg of fuel per year, the real uncertainty in the fissile fuel in the system is about 36 kg. About
half of mis might be Plutonium which could be diverted into nuclear weapons without being missed.

In contrast, no power is generated in ADEP without the operation of the accelerator and all of the fuel
is generated internally. No actinide must be removed from the system in the course of normal operation
of the system. The accelerator beam power, the fission power, the electric power generated, the electric
power consumed by the accelerator and the plant, and the power fed into the external grid must all be
internally consistent. If the accelerator power is increased, all of the other power levels must increase in
a fixed relationship. If the plant is found to be operating out of balance, for example by power meters at
the strategic points or by satellite infrared mapping, it is a signal that material diversion might be
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underway. A more detailed study of these anomalous conditions and their dependence on the rate of feed
of Thorium and the rate of removal of fission products might provide means to sense remotely when the
source of the anomaly is nuclear material diversion.
Limited consequences of extreme measures to control diversion

If an existing operating reactor is suspected or determined to be used for production of nuclear weapon
material, the ultimate response by those alarmed could be the destruction of the nuclear reactor. There is
a significant possibility that such action could lead to widespread death for the surrounding public and land
contamination near the reactor. With such consequences the destruction of a reactor after it has begun
operation is probably impractical. The accelerator component of the ADEP system is large and easily
damaged into inoperation without significant possibility of damage to the target-blanket itself and the
release of radiation. Diversion can therefore be terminated without exposing the surrounding population
to significant danger.

D.2.1.6. COMMERCIAL WASTE TRANSMUTATION (ATW

SUBPROJECT OF ADTT)

The objective of the Accelerator Transmutation of Waste (ATW)
subproject of ADTT is to destroy the
actinide and long-lived fission product waste from commercial nuclear reactor spent fuel. If the separations
can be done sufficiently well, storage of the remnant waste could be in near-surface sites rather than in
geologic storage facilities. The amounts of material requiring transmutation and the selectivity of chemistry
separations has already been described in the section of this report entitled, "Geologic Storage and the
ADTT System." Separation factors of about 1/100 are shown to be adequate to meet Class C storage
criteria for fission product and about 1/10,000 for the Plutonium and other minor actinides.
The ATW system also has means for continuous feed of waste from commercial light water reactors.
To many this would appear to require the separation of Plutonium and other components of the waste
before feeding them into the system. This is referred to as reprocessing which was forbidden in the U. S.
by President Carter by Executive Order. Even though this order expired when he left office, as a practical
matter it has continued to govern U. S. internal policy on spent fuel and our foreign policy position has
strongly attempted to discourage the reprocessing option for commercial spent fuel. The purpose is to
reduce the opportunity for diversion of commercial Plutonium to nuclear weapons purposes and to prevent
the accumulation of large inventories of this material which is considered by many to be highly dangerous.
Because of the excess neutrons provided by the accelerator, front end reprocessing is not required. The
ATW system would require only the removal of the Zirconium cladding and the Uranium. All of the other
actinide and all of the fission product can be fed into the blanket, because the capabilities for removal of
the fission product already exist in the back-end separations system.

The front-end removal system has not been selected but there are at least two options under
consideration. One would involve the crushing of the spent fuel assemblies which contain mostly UO2 and
the oxidation of this to U3O8. The volume expansion on the transformation to a higher oxide and the
resulting conversion of the spent fuel to fine powder allows the spent fuel to be poured out of the spent fuel
assemblies. Separation of the spent fuel from the cladding might approach 99 % for this process, but that
might not be adequate and it might be difficult to clean the hulls further. Another means of removing the
cladding might be to burn the spent fuel assemblies in a chlorine atmosphere over a plasma torch
converting the Zirconium to volatile ZrCl4. The oxide in the cladding however would fall as rubble into
the bottom of the chlorination facility and be collected for subsequent fluorination. The bulk of the spent
fuel is Uranium and this would be removed as volatile UF6. All of the other spent fuel material including
the fission products, the Plutonium and other higher actinides would be converted to fluorides and fed
directly into the ATW system by dissolving them in the molten salt carrier.

In contrast to the aqueous reprocessing system developed long ago and now in common use, the
processes described do not produce a pure stream of "naked" Plutonium. The Plutonium is never separated
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from the most highly radioactive components of the spent fuel, but only from the relatively benign
Zirconium and Uranium. The front-end separation required for the ATW therefore produces a stream
which is mostly highly radioactive fission product and separation of the Plutonium from this fission
product and from the other actinides would be required before it could be used in weapons. It is also
important to mention that the front-end separations for the ATW system would be an integral part of the
ATW system so that product stream from the Zr and U removal would be difficult to access.
Commercial nuclear power plants are typically sized at 3000 MW thermal and produce about 300 kg
of Plutonium and other higher actinide per year while fissioning 1200 kg of fissile material per year.
Therefore an ATW system operating at the same fission power level of the LWRs could bum the waste
from four LWRs if its operating life were the same as the LWRs. Destroying the LWR waste arising from
the roughly 100 LWRs in the U. S. using ATW systems would require the deployment of about twenty five
3000-MW, ATW systems if the waste were to be destroyed in about 30 years. Unless the income from
electric power sales were sufficient to offset the capital and operating costs of the ATW system, the cost
of destroying the waste by this means could be prohibitive. The economic picture for the ATW system will
be less favorable than for the ADEP system because the ADEP system need only destroy its own waste
and only a modest accelerator is required for the modest neutron supplement. However the ATW system
must destroy not only its own waste but also that from the four LWRs. Substantially more acceleratorproduced neutrons are required therefore with greater capital cost for the larger accelerator and for the
additional power which the accelerator consumes.
There is an attractive way around this. Presently the U. S. and Russia are reducing their weapons
stockpiles and freeing up large amounts of highly enriched Uranium and Plutonium. Both are excellent
sources of neutrons, which is part of the reason why they are ideal weapons materials. Over the long run
it is probably unsafe to store these materials and so they will have to be destroyed almost certainly by
fission. If some of these weapons materials are consumed in the ATW system, the excess neutrons can
make up for some of the neutrons which otherwise would have to be supplied by the accelerator. Therefore
by burning these weapons materials concurrently with the destruction of the commercial nuclear waste,
the size of the accelerator probably can be reduced by at least a factor of two. With the resulting benefit
to the economic picture for the ATW system, the destruction of the waste using the ATW system might
be practical. A comparison between the amount of LWR waste and the amount of excess weapons material
available shows that there is a satisfactory match.

There are other practical matters concerned with the practical deployment of the ATW systems. These
systems will probably have to be located at government reservations and operated in clusters both because
of the sheer size and the use of the weapons material. If four ATWs were located on the same site, the
electric power output into the local commercial grid would be about 3-4 GWel from each reservation and
there would have to be about three sites if all of the waste was to be burned in 60 years. It is not easy to
reliably estimate the U. S. power requirements over the next 30-50 years and how the power will be
produced, but having access to a commercial market for the electric power from the ATW systems is an
important consideration for this deployment option for the ATW system.
There is a second ATW deployment option for the destruction of the LWR waste which is a hybrid of
the ATW and ADEP systems. This would involve the replacement of existing LWRs at the end of their
life with an ATW system on the same site feeding the same amount of electric power into the grid. The
ATW system would over its life destroy the waste from the LWR and also its own waste stream. About
25 % of its power would be derived from the actinide waste from the LWR and the rest from Thorium. The
accelerator requirement would be about the same as that for the other ATW deployment option, but no
weapons material would be required. Of course it probably would not be desirable to have these weapons
materials being delivered to the approximately 100 ATW systems operating in follow-on to the existing
100 LWRs. An advantage of this deployment scenario is that the waste need not leave the site, some level
of radioactivity inventory already exists on the site, and there is probably a clear market for the ATW
electric power and an existing distribution system. Under this scenario, the amount of nuclear power would
continue to be at least as large as that produced today. The present system would have been replaced with
systems which do not produce the waste stream of existing LWRs, which avoid the criticality and after heat
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safety concerns of existing reactors, and which nullify the requirement for a nuclear infrastructure of
mining, enrichment, fuel fabrication, reactor, fuel storage, reprocessing plants, and fuel refabrication. The
requirements for geologic storage of remnant waste would be greatly reduced or perhaps made entirely
unnecessary depending on the technical and economic performance of the system.

In summary, the first ATW deployment option carries more of the features which might be associated
with a nuclear close-out option. The second option could provide a bridge over the next 30-50 years from
the present LWRs with their major infrastructure requirements to the ADEP systems which operate with
little infrastructure support.
D.2.1.7. PRESENT STATUS AND SUMMARY

This paper describes a new accelerator-based nuclear technology which offers total destruction of the
weapons Plutonium inventory, a solution to the commercial nuclear waste problem which greatly reduces
or perhaps eliminates the requirement for geologic waste storage, and a system which generates potentially
"unlimited energy from Thorium fuel while destroying its own waste and operating in a new regime of
nuclear safety The accelerator technology is already rather mature after 50 years of development and is
being driven by other programs. Reactors are also well understood after 50 years of development of many
different reactor types. The next essential step in the ADTT program is demonstration of the successful
integration of reactor and accelerator technology in an experiment of significant size. Such an experiment
has been proposed for the Los Alamos Meson Physics Facility (LAMPF) at Los Alamos and for the
Moscow Meson Factory at Troitsk, Russia. For a system operating at a k&ff = 0.96, LAMPF would drive
the system at a power level of 40 MW, thermal. Of course lower powers are contemplated for the earlier
stages of the experiment which might extend over about seven years including both construction and
operation. The experiment would be accompanied by research and demonstration, at about the same
technical effort as the experiment, on the required separations in the molten salt context. Perhaps seven
years hence, an integrated demonstration of the ADTT system could be in operation at the 200 MW, level,
with the deployment of the ADTT system beginning in about fifteen years. This time scale is
approximately the same as the earliest planned opening of a geologic repository in the U. S. or elsewhere.
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F. Venneri, M.A. Williamson, L. Ning
LER-ADTT Project Office

Los Alamos National Laboratory
D.2.2.1. THE ATW OBJECTIVE

The objective of the ATW project is to provide a compelling, proliferation-resistant and economically
viable alternative to partial reactor burning and geologic storage in the management of nuclear spent fuel
and other plutonium bearing materials.

In the ATW concept, highly efficient and robust waste cleanup procedures produce a feed directly
suitable for nearly complete subcritical burning, without significant additional waste generation. ATW
technology will significantly reduce waste streams from the nuclear power cycle and essentially eliminate
excess fissile materials. Plutonium and other hazardous components of nuclear waste will be destroyed to
a high degree and with very low process inventories. Demands on permanent repositories will therefore
be greatly reduced, and such repositories (containing no fissile plutonium or highly-mobile long-lived
fission products) will become more technically feasible and politically acceptable and economically
attractive.
The immediate technical goal is to demonstrate the feasibility of effective treatment of spent fuel and
other types of plutonium-bearing materials (including residues and excess weapons plutonium), to
eliminate fissile plutonium (utilizing it to produce energy and neutrons) and destroy by transmutation
certain fission product nuclides of particular concern to long-term repository performance. Partitioning and
isolation of plutonium will not be required to accomplish the project's goal. If ATW is to become the
preferred option for nuclear waste management in the US, economic viability of the entire ATW-based
fuel cycle must also be demonstrated.

The program will rely on the innovative application of proven technologies with emphasis on safety
and anti-proliferation features.
For the past several years researchers at Los Alamos have been studying and analyzing a fundamentally
different approach to nuclear power and the elimination of nuclear waste. At Los Alamos this approach
is called Accelerator Driven Transmutation Technology (ADTT). We feel that ADTT has the potential
for mitigating many of the difficulties inherent in present day nuclear power systems including nuclear
waste disposal and the buildup of plutonium inventories [1]. In dealing with the problems of nuclear waste
and management of excess plutonium, we believe that ATW has the potential to place nuclear power into
a regime with significantly reduced waste streams and no accessible plutonium or highly enriched fissile
materials.

ATW-based systems can consume nuclear waste (plutonium, minor actinides and long-lived fission
products), burning down existing inventories and producing very little new actinide waste, while
generating power and can further use the substantial excess neutrons that they are capable of generating
to do useful work, such as transmute long-lived fission products or reconstitute uranium or thorium based
nuclear fuel for further use in reactors. ATW comes to the scene with four unique attributes, which are the
result of the combination of its subcriticality and use of liquid fuel. These are process robustness, poison
insensitivity, neutron efficiency and completeness. The robustness of the ATW system processes allows
it to accept a wide range of nuclear waste with significant variability in isotopic assay and chemical
contamination, from defense spent fuel and scrap plutonium to commercial spent fuel. Since there is no
need to reach and maintain criticality, the ATW systems are relatively insensitive to poisons and burnup
fuel variation or poor fuel characterization. Because of the rapid elimination of fission product poison and
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the achievement of high neutron fluxes, ATW systems should be able to burn plutonium and most other
components of nuclear waste efficiently , with low standing inventories, and to a high degree of
completeness, so that the waste load destined for permanent storage in a repository might be reduced, and
such repository (containing no significant TRU waste or mobile fission products) would become
technically feasible and politically acceptable.

ATW can accept the spent fuel generated by any of the existing and conceivable future types of nuclear
reactors. ATW's front-end processes produce a feed of unseparated actinides directly suitable for nearly
complete subcritical burning in the actinide burn unit. The unit operates subcriticaHy, driven by a large
current LINAC. Power production to offset operational costs is optional.
In ATW, the excess neutrons generated by the accelerator and the fission of the higher actinides are
used in a blanket/reflector containing long-lived fission products to be transmuted. The separated uranium
is collected and sent to permanent storage. Plutonium and higher actinides are completely eliminated, as
well as the most troublesome fission products
The successful implementation of ATW systems will lead to the elimination of plutonium, higher
actinides and selected fission products from the nuclear waste stream. With the implementation of ATW
systems the efficient (and eventually full) utilization of the existing uranium and thorium energy resources
will become possible, with strong proliferation barriers.
D.2.2.2. GENERAL FEATURES OF ATW
Fuel preparation. Spent fuel coming from operating nuclear reactors (LWRs, HTGRs, CANDU, and
others) is processed using the "Hydrofluorination+Electrowinning in Molten Fluorides" process conceived
at LANL. The process allows the separation of the enriched uranium and/or thorium contained in the spent
fuel without plutonium or actinide separation.
The role of the fuel preparation part is to prepare the
waste feed for use in the target/blanket cell. The process is designed to be relatively insensitive to the
composition of the waste feed. A unique feature of ATW is that the system can accept a wide range of
feeds with minimal chemical preparation. The use of stable high-temperature molten salts as the primary
chemical medium is key to this opportunity.
Actinide and selected fission-product burn. Subsequent to fuel preparation, destruction of
plutonium, higher actinides and selected fission products is accomplished in the passively safe, deeply
subcritical blanket conceived at LANL. Neutrons to sustain the bum phase are produced in a liquid metal
spallation target driven by a large-current proton accelerator operating in the 1- GeV energy range. When
a proton beam is injected into the target, over 30 neutrons per incident particle per GeV are generated via
spallation reactions. These neutrons are multiplied by fissions in the surrounding subcritical blanket
containing the actinides. Electricity may be generated from the heat released by the fission processes, and
a fraction of the electric power generated will be available to the commercial grid for distribution. The
high-flux, low-inventory bum phase is assisted by the cleanup processes for fission product removal
conceived at LANL for use in the ATW burner (sparging, electrowinning and reductive extraction). The
bum is nearly complete and only certain fission products are discharged by the process.
At the end of ATW operations, practical processes will be used for removal and recycle of radioactive
materials from the salt The long-lived hazardous fission products, e.g. 129I and "^Tc, will be transmuted into
stable isotopes by neutron irradiation. Because there are no significant amounts of actinides and
technetium or iodine (the long-term hazards) in the waste stream, the waste need not be guarded for fear
of diversion of fissionable material, and its long-term toxicity is greatly reduced. A general layout of the
ATW components is illustrated in Fig. 1.
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D.2.2.3. THE VALUE OF SUBCRITICALITY

The ATW system is operated in a subcritical mode, thereby precluding a self-sustained chain reaction
regardless of whether the accelerator being on or off. From a dynamic standpoint, driving a system with

an accelerator decouples the source of neutrons from the fissile fuel: subcritical systems can operate
relatively unconstrained by the internal workings of the blanket. Critical systems, on the other hand, are
driven by the internally generated delayed neutron "source." Their control mechanism depends on the
absorbing properties of the control rods and their influence on the reactivity of the system, and is deeply

affected by the internal conditions of the core, e.g. neutron flux and spectrum, and fission-product buildup.
Critical reactors are therefore constrained by the flux, spectrum and internal composition tolerated in the
core because these parameters determine the effectiveness (reactivity worth) of the control mechanism.
From a static point of view, the accelerator provides a convenient control mechanism for subcritical
systems that is much faster than that provided by scram rods in critical reactors. Subcriticality itself adds
an extra level of operational safety concerning possible criticality accidents.
Although additional safe-shutdown mechanisms might be required, accelerator-driven subcritical

systems can work without control rods, and in principle are insensitive to flux, spectrum, fission-product
buildup and core composition changes to a much higher degree than the equivalent critical reactor. The

response to reactivity transients is also much less severe and higher neutron fluxes are possible. This
inherent robustness allows subcritical systems to accept fuel that would not be acceptable in critical
systems, and burn it with minimal processing requirements [2].
A considerably larger excess of neutrons per fission can be produced in deeply subcritical systems than
it is possible to generate in critical (reactor) systems. Although these neutrons are not inexpensive, the
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substantial progress recently achieved in accelerator design and operation efficiency, allows the effective
use of such neutrons for the transmutation of long lived fission products and other tasks.
Neutron economy of subcritical systems,

The basic equation relating source- and fission- generated neutrons and governing the behavior of
subcritical systems is the following:
k eff

^

\+a+P+L

where keff is the reactivity of the system, related to its neutron multiplication M factor by the equation:

«._!_
Critical (self-driven) systems have keff =1 and infinite multiplication

r|= average number of neutrons released by each fission
a= ratio of neutron-absorption-to-fission cross section in the active component of the fuel (plutonium and
actinides in the case of the ATW burner)
P= number of neutrons parasitically absorbed in the system per fission
L= number of neutron that leave the system (leakage) per fission. These are the "excess neutrons"
available for work (waste transmutation and fuel enrichment)
If the ATW burner is operated with a fast neutron spectrum then the values for the parameters are:
a=0.6; P=0.2 ; r|~3. If the ATW burner is operated with a more thermal spectrum (molten salt reflected
by graphite), then the values for the parameters are: a=l .4 ; P=0.4 ; r|~3. Values of n significantly larger
than 3 may be possible in "hyperfast", deeply subcritical systems directly driven by spallation neutrons
generated in the fuel, where a substantial number of fissions are initiated by high energy spallation neutrons
instead of the relatively slow fission neutrons. These systems (which could be obtained in liquid
lead/bismuth fueled ATW systems) have a spectrum substantially harder than that of fast reactors and offer
special advantages in neutron-intensive applications. A schematic view of thermal and fast ATW burner
is illustrated in Fig. 2. The number of available neutrons per fission (the L parameter) can be explicitly
written as:

A cursory examination of this relation reveals the existence of two contribution to the number of neutrons
available from a given system: the first term is determined by the subcriticality level, the second term by
the neutron spectrum. The use of the accelerator drive (systems with lower k^) will improve the
contribution from the first term. The use of fast neutrons will improve the contribution to the total number
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loops, b> leakage neutrons The number of neutrons per fission needed to destroy the long-lived fission
products is directly related to the power produced in the ATW burner The relation depends on the extent

of the fission-induced power production in previous operation (fuel burnup), and the type of fuel cycle
(whether uranium- or thorium-based) For uranium-based spent fuel, with a burnup of 33,000 MWd/t
(typical of a majority of present-da> spent fuel), 0 25 extra neutrons per fission in the ATW burner are

needed to destroy the long-lived fission products generated during previous and present fission processes
This is the number of extra neutrons per fission that is to be made available through leakage in ATW
systems where the transmutation of the long-lived fission products is sought in addition to the destruction
of the plutonium and higher actimdes) In a near-thermal spectrum configuration (molten salt reflected by

graphite), a subcntical system (driven by the accelerator), operating at a keff =0 95 will free the additional
neutrons to allow 0 25 leakage neutrons per fission to be used for fission product transmutation It is true

however that most of the usable leakage neutrons will have to come from the accelerator-dnven source
A fast-spectrum system will have more than enough neutrons available even in a critical configuration

(without accelerator) to perform the required transmutations of fission products Unfortunately a critical
system cannot be constructed to operate on pure plutonium and higher actimdes, especially in the fast
spectrum Therefore some degree of subcnticahty (accelerator drive) must be used also in fast spectrum
systems, its extent to be determined by safety considerations more than by neutron economy factors More
demanding applications, such as spent fuel reconstitution or the transmutation of a larger number of fission
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products, will require a larger number of neutrons available per fission. For these applications, fast or
"hyperfast" subcritical systems, capable of supplying over 2 available neutrons per fission, are clearly
preferable.

In the following discussion we will concentrate on the ATW systems with application to actinide and
long-lived fission product burning from spent fuel, and in particular to subcritical systems operating in the
thermal neutron spectrum. As we have hinted and will show in more detail, the neutrons introduced into
these subcritical systems by the accelerator, the absence of neutron absorbing reactivity control devices,
and the possibility of achieving high neutron flux levels can improve the neutron economy to the point that
fuels that were considered very difficult to use in the thermal spectrum due to their poor neutron economy,
i.e. minor actinides, can be burned subcritically by thermal or near-thermal neutrons [3], with the ensuing
advantage of lower inventory.
Liquid-fuel subcritical systems
While it is strictly correct that any type of reactor can be arranged in a subcritical configuration, the
attractive features that subcriticality makes possible in ATW (fuel feed flexibility, completeness of bum,
low sensitivity to changes in core parameters, relatively high flux, large number of excess neutrons) are
best accomplished with liquid-fuel systems, where the burnup is uniform, continuous fueling is available,
regular fuel cleanup is possible, and no excess reactivity is required. Furthermore, because of the strongly
spatially non-uniform power distribution typical of deep-subcritical systems, fluid fuels are most likely to
be used in high-power configurations [4].
Among liquid fuel carriers, both liquid lead and molten fluoride salts, similar to the fuel used in the
Oak Ridge National Laboratory (ORNL) experiment [5], offer a good interface for the versatile,
proliferation-resistant front-end process identified for the waste plutonium (molten salt hydro-fluorination
and electrowinning). Both molten salt and liquid lead, because of their chemical and electrochemical
stability, also can provide a natural medium for simplified back-end fuel cleanup processes. Both carriers

are low vapor pressure liquids even at high temperatures, and therefore add to the safety and performance
of the systems, allowing low-pressure operation of the blanket and high-efficiency power production. The
complete absence of water in the primary system also eliminates the possibility of hydrogen generation and
the attendant risk of accidental explosions. Designs based on both options are currently under
investigation at Los Alamos. In the following chapters, the molten salt fuel carrier option will be explored.
The lead-fueled system, which form the basis of the "hyperfast" system currently under investigation at
LANL, and other variants where both fast and thermal spectra are used to minimize the required accelerator
size, will not be described in this paper.
D.2.2.4. BASIC DESIGN CHOICES FOR THE ATW MOLTEN SALT CONCEPT
Molten salt reactors have been operated and elements of the molten salt fuel cycle were developed and

deployed at ORNL during the 1970's. The addition of the accelerator drive and the absence of breeding
requirements for the fuel cycle make the ATW system considerably simpler and more forgiving than the

critical reactor proposed and carried to a considerable level of design detail in the ORNL work. After a
long search through a broad parameter space of options [6, 7, 8, 9 and 10], the Los Alamos molten salt
ATW concept has converged on a system reflected by graphite, a liquid lead-bismuth neutron production
target, and pyrochemical separation processes.
High-current accelerators and liquid-lead target

The high-power accelerator technology required for ATW has been under continuous development for
the past three decades at Los Alamos. Presently, Los Alamos is involved in a major project to develop a
large accelerator (100 mA, 1300 MeV) for the production of tritium (APT) for defense applications.

159

Similar accelerator designs were reviewed by the Energy Research Advisory Board of the U.S. Department
of Energy [11] and by the JASONS [12]. These reviews gave general endorsement of the proposed
accelerator technology with the provision that appropriate pilot and demonstration steps be made along the
way towards the construction of a full scale facility [13]. In October 1995 the DOE committed to the
demonstration of the accelerator technology for application to tritium production (APT). The operating
parameters of the proton linac envisioned for the APT project will be similar to those needed for the ATW
system.
The average power needed for the very largest of systems we propose requires an accelerator power
of around 200 MW (100 mA beam at 2000 MeV). This can most readily be achieved with a linear
accelerator. At present, the highest-power, linear proton accelerator is at LANSCE (formerly called
LAMPF), and operates at around 1 MW (1 mA at 800 MeV). At first, proposing an accelerator 100 times
bigger might seem like a very large extrapolation, but it is not as demanding as it appears. First, the
LANSCE linac is operated with only every fourth bucket filled with proton beam. Filling every bucket
(by use of funneling) or every other bucket (if unfunneled) immediately increases the average power by
a factor of four (or two). Also, the LANSCE linac is a pulsed machine operated at 6% duty factor: going
to 100% duty factor would produce a factor of 17 increase in power. The charge in each microbunch can
be increased by about a factor of four and still stay well within the stable space-charge regime. Therefore,
an improvement by a factor of more than 200 (4 x 17 x 4) is possible by the extension of proven proton
linac technologies. This should enable operation of 100-rnA, 2000-MeV linacs based on current
technology. Figure 3
illustrate the possibi__ __ runiw
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applications.
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to neutrons. Among
the requirements for an ATW target are:

1. Compact size to enable good coupling to the surrounding blanket,
2. High power operation, up to 200 MW,
3. High proton-to-neutron conversion efficiency,
4. Reliable and low maintenance operation,
5. Safe operation,
6. Small contribution to the waste stream.
These system requirements are best met by molten lead or lead-bismuth eutectic (LBE). LBE has a
melting point of 125°C (200°C lower than for pure lead) and considerable experience exists in the use of
LBE in reactor systems. A significant problem with LBE, however, is the production of radioactive and
highly mobile polonium from high-energy proton and neutron reactions on bismuth. This becomes a
concern in accident scenarios where the polonium contained in the LBE is rapidly released at high
temperatures. Irradiation of lead, on the other hand, produces much less polonium, but there is also
considerably less experience for pure liquid lead systems in reactor operation.
The use of molten lead or lead-bismuth eutectic in the neutron production target provides the following
advantages:
1. High power operation. For compact solid-target systems, the maximum incident beam power is
limited by the ability to cool the targets. In liquid metal targets, the medium can be circulated to
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external heat exchangers, eliminating the need for coolant in the target production volume.
2. Lead and LBE have good proton-to-neutron conversion efficiency because of their high atomic
number, high density and low neutron absorption cross section. The neutron production of large-size
lead targets has been measured at LANL to be 22 neutrons per 800-MeV proton, substantially better
than any of the other materials tested [15]. The absorption cross sections are about one hundred times
lower for thermal neutrons than that of tungsten .
3. Radiation damage and shock issues that exist in solid targets are less of a concern with liquid targets.
The fluid container and window are the only parts of the target system which have radiation-induced
lifetime limitations. The performance of the liquid part of the target is not affected by irradiation, so
that the operational life of the lead or LBE fluid can extend far beyond the lifetime of the container.

4. Lead and LBE are low pressure liquids with boiling points greater than 1600 °C. They are solid at
room temperature, reducing the potential for uncontrolled release of radioactive material when the
target fluid is removed and cooled.

The beam/target/blanket interface (target structure) is the point where three systems converge and
certainly will be the most stressed in the design from the materials point of view. The ATW design for this
structure will have to "demonstrate ability to maintain system integrity at the beam/target/ blanket
interface" for the anticipated time of operation. In the ATW system, the low pressure of the target and
blanket systems and the liquid nature of the target material will be helpful in this regard. The target should
be a totally enclosed structure, capable of being rapidly inserted and extracted from the blanket. This
structure must be compatible with both the lead and molten-salt liquid interfaces and therefore might suffer
from limited resistance to radiation damage due to the properties of the available structural materials. The
use of liquid metal targets however, should allow for the softening of the very hard spallation spectrum at
the target container walls to levels typical of fast reactor systems. The choice of structural matenals can
therefore directly extend to the large number of materials tested and satisfactorily used in fast reactors.
Proton and neutron damage rates for the window and the rest of the structural parts of the target are not
expected to exceed the operational limits established at the Los Alamos Neutron Science Center
(LANSCE) [16]. Based on LANSCE experience and extensive experimental studies of materials damage
by neutrons (HT-9, Cr-Mo alloys, and Inconel), the lifetimes of the parts of the target most exposed to the
neutron flux will be one to two years [16]. These materials have also shown good compatibility and no
corrosion problems with LBE as long as the temperature is kept below 400°C [17]. For higher temperature
compatibility, the use of carbon based ceramic materials will need to be explored. Figure 4 illustrates a
design for the liquid lead
target currently under
development at Los
Alamos.
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In the homogeneous
molten salt fuel, as
opposed to solid fuels or
liquid
suspensions
(slurries), many fission
products are readily
dissolved into the liquid
medium, and can be
extracted readily without
processing the fissile
component of the fuel.
The use of homogeneous
molten salt fuel, in fact,
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allows the adoption of fuel preparation (front-end) and on-line cleanup (back-end) processes that do not
require fuel partitioning and refabncation These processes which will not be detailed m this paper, except
for the description contained in Fig 5, do not give nse to extraneous waste streams and provide substantial
proliferation and diversion barriers
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FIG 5 Process chemistry identified for ATW front-end and back-end

The molten salt envisioned for the ATW system is a mixture of lithium fluonde and beryllium fluonde
( LiF-BeF:, 0 67 0 33), with melting point of ~450°C would be used at between 600°C and 700°C Its
boiling point is 1700°C, and at 700°C the vapor pressure is only 10 milliTorr Isotopically pure 7LiF would
be used because of its lower neutron absorption All elements can be dissolved as fluondes in adequate
amounts in the earner salt which is inert in dry air and nitrogen at all temperatures However, the melting
point of 7LiF-BeF, salt is relatively high, and the presence of lithium in it leads to the production of
undesired tritium under neutron irradiation The use of mixtures of other fluonde salts (e g NaF) to
mitigate these concerns may be practical [18]
7

Molten salts as reactor fuels and as coolants have been under study and development for over 40 years,
and their chemical, physical, and irradiation properties are well suited to reactor operation The MoltenSalt Reactor Experiment (MSRE) at ORNL, with several years of successful operation, contributed
significantly to molten-salt reactor technology This 7 5 MW, reactor was operated continuously from
1965 to 1969 with no major problems [19] At that time, two industry/utility advisory groups concluded
that an adequate molten-salt technology base existed and suggested that the Atomic Energy Commission
should proceed with a molten-salt demonstration power plant [20]
The progress of the ORNL molten-salt design study is presented in the entire February 1970 issue of
Nuclear Applications and Technology The issue was devoted to a review of molten-salt reactor
technology and to a descnption of a conceptual design for a molten-salt breeder reactor [21 ] The program
at Oak Ridge ended after the Liquid Metal Fast Breeder Reactor (LMFBR) was selected as a superior
breeder The successful operation of the MSRE and the substantial amount of research and development
162

on molten-salt reactor materials and processes at Oak Ridge indicate that with adequate updating of that
technology base, a prototype molten-salt ATW plant could be successfully constructed and operated.
Whereas most of the work done at ORNL involved the use of uranium dissolved in the salt, ATW
would use primarily plutonium and higher actinides. This would introduce minor modifications to the
solutions adopted in the Molten Salt Reactor program, as the oxidation/reduction potential associated with
fissions in plutonium fluoride tends to be different than for uranium fluoride. Low molar concentrations
of PuF3 were added to the MSRE as makeup fuel during the latter portion of its operation. Binary and
ternary phase behavior data exists for many of the components of interest [22, 23, 24, 25, 26, 27]. Only
sparse data exists for quaternary and higher order systems.
Graphite reflector
Due to the presence of large amounts of light isotopes in the salt (lithium, beryllium, fluorine) the
neutron spectrum for molten salt systems is always thermalized to a significant extent. To provide optimal
moderation and neutron reflection, graphite can be used in the core because of its high-temperature
compatibility [28, 5] with the fluoride molten salt fuel. Concerns existed early in the Molten Salt reactor
program that seepage of fuel salt into small cracks in the graphite could lead to local overheating and crack
propagation. However, there was no evidence that significant salt entrainment took place in the graphite.
In dealing with large amounts of actinides and essentially no resonance absorbers, a well thermalized
spectrum will lead to large positive temperature reactivity coefficients. This is due to the presence of lowtemperature fission resonances in the cross section of the higher actinides, especially the plutonium
isotopes. A less moderated spectrum eliminates the problem in the ATW subcritical liquid fuel system.
The ATW burner will use no internal moderation besides that provided by the lithium and beryllium in the
base salt. Graphite will be used as a reflector and to protect the nickel-based hastelloy vessel from the
damage of neutron flux.
Graphite is subject to neutron damage. With increasing neutron fluence, graphite first contracts, then
expands at a fast rate. This rapid growth rate represents a rapid decrease in density and the possible
formation of voids and cracks. In this stage, mechanical properties will quickly deteriorate and the graphite
might become permeable to the molten salt. A fast neutron fluence above BxlO 22 n/cm2 in graphite usually
produces the onset of the rapid growth phase, with significant dimensional changes and marked
degradation of its mechanical properties [29]. The neutron damage to the graphite is caused by the fast
component of the neutron flux, which is usually defined as the flux above 50 keV. For a thermal spectrum
system, neutrons are quickly moderated so that the neutron damage rate is proportional to the fission rate
per cm3. Therefore the neutron damage rate is proportional to the power density rather than the thermal
neutron flux. Because of the significant complications involved with the removal of graphite from molten
salt cores, it is highly desirable that the graphite reflector maintain its integrity throughout the plant life.
Because the fuel is kept relatively clean of fission product absorbers, even at the moderate power
densities present in the ATW burner, the neutron flux is expected to be in the range 2-5x1015 n/s-cm2 and
very strongly peaked This flux could give reasons for concern about the effects of high cross-section
fission product poisons, such as xenon, on the stability of the blanket operation. Xenon fixed in position
such as by the constraints of solid fuel can cause the onset of spatial power instabilities. In the ATW
system however, the fuel is continuously mixed, and therefore local concentrations of xenon in the fuel
are not expected. Any unstable behavior would be limited to the amount of xenon that might become
constrained by the graphite and would not extend to the bulk of the fuel. Since most of the xenon produced
in ATW systems would be removed from the salt through sparging on a very fast time scale (1-2 minutes),
and since there is no graphite moderator, but only a reflector, it is highly unlikely that xenon could be a
source of unstable behavior. Xenon permeation into the graphite would be more of a waste cleanup
problem because of the embedding of radioactive cesium daughter isotopes in the graphite, and should be
dealt with accordingly by appropriate surface treatment (i.e. pyrolytic sealing) [28, 18].
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Secondary coolant
An intermediate (secondary) coolant loop is required in the ATW system to transfer the heat generated
in the molten salt fuel to a power-producing steam cycle. The coolant in this loop must have low vapor
pressure at its operating range of 500 to 700 °C. The coolant must be compatible at one end with the fuel
salt, and at the other end with the water/steam of the steam generator loop. The coolant must trap tritium
produced in the core and keep it from reaching the steam plant. Materials compatibility must be assured
and it is also desirable to provide an environment that is essentially free of hydrogenous materials for safety
reasons. The coolant selected for the intermediate-loop in the MSBR design was a sodium
fluonde/fluoroborate eutectic salt (NaF-NaBFJ. This was chosen because of its compatibility with
Hastelloy and with the fuel salt, its low cost compared to 7Li-bearing salts, its adequate thermophysical
properties (melting point, viscosity, specific heat and conductivity), its ability to trap tritium and its value
in shielding the heat exchangers from delayed neutrons coming from the irradiated salt. No nuclear
experience exists with this fluoroborate, but extensive non-nuclear tests were performed on this salt under
the MSBR program, and several concerns were uncovered. At high temperature, the fluoroborate
decomposes and forms chemically hazardous BF3. Fluoroborate also decomposes upon contact with fuel
salt, and has a limited compatibility with steam, in that its corrosivity is greatly increased by the presence
of moisture.
These issues do not rule out the use of the salt. One of the most important reasons for specifying
fluoroborate as the secondary coolant salt is its ability to trap tritium. Significant quantities of tritium, in
fact, are formed as a result of neutron capture (n, a) in 6Li, which is always present in the salt because of
(n,2n) reactions in 7LiF, and tritium is also produced by (n,ncc) reactions in 7LiF. This tritium might
migrate through the coolant system into the steam system, and from there to the environment. Simulation
experiments using the fluoroborate salt, however, showed that the tritium could be effectively trapped by
oxygen-bearing species (Na^B2F6O) contained in the fluoroborate loop, as sodium hydroxy-fluoroborate
(NaBFjOT) [30]. Alternative coolants are also possible, such as lead and lead alloys or low melting point
salts.
Structural materials and components

The structural material of choice for the molten salt blanket is Hastelloy-N, that was used at Oak Ridge
during the MSRE work [31, 28]. Two problems, however, were discovered during the operation of the
MSRE that required further alloy development:

1. Hastelloy-N suffered radiation embrittlement due to the accumulation of helium and, to a lesser
degree, hydrogen at the grain boundaries [5]. The helium and hydrogen resulted from thermal (n, a)
and (n,p) reactions on the unstable 59Ni produced by thermal neutron absorption in the Hastelloy nickel.
Helium was also produced by (n, a) reactions on boron impurities. To achieve a 30-year lifetime for
the reactor vessel (made of Hastelloy N), the MSBR design had the inside surface protected by a 76-cm
thick graphite reflector to reduce the thermal neutron fluence.
2. Post-operation testing of Hastelloy-N samples from the MSRE system revealed the presence of small
cracks on the side exposed to fuel salt [5]. These cracks were later determined to be due to the
presence of the fission product tellurium at the grain boundaries [18].
Experimental work following the shutdown of the MSRE laid the basis for eliminating these problems.
It was found that modified Hastelloy-N, with fine carbide precipitants (Ti at first, then Nb, Zr and Hf)
within the grains, could restrain the helium migration to the boundaries and mitigate the radiation
embrittlement problem [32, 29]. Two solutions to the tellurium cracking problem also were investigated:
adjustments to the salt oxidation potential to keep the tellurium from attacking the Hastelloy, and slight
modification of the Hastelloy-N composition (addition of niobium). The combination of both essentially
eliminated the tellurium problem [29]. The above-cited solutions to the problems observed in the MSRE
have all been demonstrated in the laboratory environment. In the ATW system, tellurium would also be
continually extracted from the salt.
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The availability of a suitable structural material in the Molten Salt Reactor program allowed a
considerable amount of engineering work to be conducted at Oak Ridge on the design and construction
of components suitable for operation in fluoride molten salt fuel. Corrosion-resistant pumps, valves and
heat exchangers capable of reliable operation at high temperature [19] were provided for the MSRE.
Pumps. The pumps for molten salt blankets must reliably circulate fluoride salts in the primary and
secondary salt systems at temperatures as high as 750°C. The low electrical conductivity of molten
fluoride salts hinders the use of electromagnetic pumps. However, centrifugal pumps, albeit of low power,
were demonstrated to work very reliably in the MSRE [33]. For full-scale ATW systems, there is yet no
experience in constructing and operating the much larger fuel pumps that will be required.
Valves. Valves are required in the ATW primary and secondary systems for isolating portions of
loops, directing flow to alternate paths, and providing flow variations during startup, shutdown, and offnormal conditions. The only type of molten salt valve that was operated in the MSRE was the freeze valve.
This is a type of valve suitable for on/off operations, such as fuel-salt drain. The fuel-salt drain valve used
in the MSRE consisted of a flattened section of a two-inch pipe equipped with external heaters and coolers.
It operated reliably. Although a large body of experience exists on several types of valves for operation
in liquid metals at comparable temperatures, considerable more work is required for the satisfactory
application of these designs to the molten salt environment
Heat Exchangers. The operation of the MSRE heat exchangers was reliable, although the capacity of
the heat exchangers was somewhat lower than expected. There was no evidence of scaling or corrosion.
The experience base with the proposed NaF-NaBF4 secondary coolant derives from numerous tests for the
MSBR design, but not from actual heat-exchanger design and construction. The experience base appears
however to be sufficient to justify that the heat exchanger design be based on correlations for normal fluids,
once the physical properties are accurately measured.

Overall, the MSRE fuel salt, LiF-BeF2, its containment system and the associated hardware performed
well throughout the life of the project [21, 5]. The ATW project will build on that experience, using the
improved materials and techniques available in the 1990's.
D.2.2.5. ELEMENTS OF MOLTEN-SALT NUCLEAR SYSTEM DESIGN
In 1960's, the Molten Salt Reactor Program at ORNL worked on thorium-based molten salt breeding
systems. The activity led to the design of the Molten Salt Breeder Reactor (MSBR) and was based on the
design and operating experience of the Molten Salt Reactor Experiment (MSRE) and its technology
support programs. In the early 1970's, ORNL proposed, with strong backing by industry and utilities, a
major technology development program that would have culminated in the construction and operation of
a demonstration reactor called the Molten Salt Breeder Experiment [5]. Later, in 1979, the Denatured
Molten Salt Reactor (DMSR) was proposed for power generation with enhanced proliferation resistance
[18].

Based on the evaluation of those activities, the National Laboratories of Los Alamos and Oak Ridge,
within the ADTT program, have recently started to revisit the technology base for the design of molten-salt
systems, in a framework stressing safety and reliability and with the different goal of waste and/or
plutonium destruction replacing the original one of breeding [34, 35]. As a result of this effort, attractive
features of molten salt systems were identified as well as special concerns which need to be addressed in
the design of the molten-salt ATW concept.
Low pressure. The very low vapor pressure of molten-salts even at high temperatures and the low
pressure-drop design of the primary molten-salt circulation system allow for an overall low operating
pressure in the primary system. This enhances passive and engineered safety, for example, through
natural-convection flow capability, design simplifications, and increased system component and structure
reliability. To fully take advantage of this feature, the pressure should also be kept low in the secondary
coolant and care should be taken in the steam generator so that the high pressure of that subsystem remains
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isolated from the low pressure systems in the primary and secondary loops. This will require that pressure
isolation devices be employed in the loops and that in the steam generator the pressure be kept as low as
practical.

Pool design. The "pool" concept, used in the most recent sodium cooled reactor designs, has
significant advantages in terms of a large heat sink and containment of coolant leaks, over the more
traditional "boiler" type configuration, used in the large Pressurized Water Reactors (PWR). In the
classical pool concept the core is located inside a vessel, together with pumps and heat exchangers. Hot
coolant outside the core is separated from the cold coolant by an interface that directs the hot coolant to
flow through the pump and heat exchangers back into the core inlet region without using piping. Such a
configuration is not directly applicable to a liquid fuel reactor because the absence of clear flow paths
would significantly increase the system fuel inventory. By the strategic use of graphite in the blanket and
clearly identified salt flow paths, the ATW design can utilize a modified form of the pool concept, which
preserves the advantages of the pool concept, especially in terms of heat sinks, natural convection and
containment of fuel leaks, and does not lead to large fuel inventories.
Natural convection. The ATW system will be designed so that natural convection is enhanced by using
up-flow circulation in the core and arranging the thermal centers for core, heat exchanger and steam
generator at increasing elevations. A low pressure-drop design with enhanced natural convection flow will
allow for easy passive decay-heat removal in case of a loss of flow, without recourse to fuel drainage.
Large heat sinks and passive safety. Under the worst-case accident scenario (complete loss of primary
heat removal), no operator action would be required to remove the decay heat and prevent the release of
radionuchdes. Temperature increases will be slow because of the large heat capacity available in the
primary system cell. To safely dissipate the decay-heat, large heat sinks could be provided surrounding
the blanket, or built into the salt drainage system. In-situ heat sinks could passively remove the decay-heat
generated by moderately-sized molten-salt blankets (up to 1000 MWt). Larger-sized units might have to
be gravity-drained through a freeze valve from the primary system into a drain tank where the heat would
be passively transferred to a molten salt coolant and from there to water/steam.
The high flux of ATW systems is not reached through high power density, but through low parasitic
capture in the fuel because of fission product extraction. As a consequence, the power density in the
blanket is likely to be a factor of 10 lower than in LWR systems. We have evaluated systems of up to
1000 MWt which are passively safe in the event of loss of coolant, even without drainage of the fuel. The
main reasons for this special ability to handle shutdown heating are: 1) the liquid nature of the fuel allows
natural convection in properly designed systems, 2) the heat source is not localized, 3) the graphite reflector
has large heat capacity and heat conductivity; 4) the integrity of the blanket can be maintained for peak
core temperatures greater than 1500 °C because of the excellent high temperature properties of graphite
and Hastelloy and the high boiling point of molten salt, and 5) with continual removal of the volatile
fission products, the decay heat source term is substantially lower than for solid-fuel systems in any time
scale longer than a few minutes, while the core heatup characteristic time is of the order of hours. In the
event of total loss-of-coolant events at higher power levels, i.e. 3000-MWt systems, fail-safe drainage of
the fuel with attendant passive decay-heat removal into large heat sinks is possible.
Containment of radionuclides. Radionuclide containment should be provided through the primary
system loop, the loop containing the pressure isolation devices and secondary coolant, and the loop
containing the steam generator system. All three loops will be designed as closed-cell constructions located
within an additional containment structure. Attention will be given to the penetrations from one cell into
another to ensure that proper isolation can be maintained.

Reduction of in-core graphite use. The presence of the graphite moderator in the MSBR design
provided the well-moderated neutron spectrum which was essential for the effective breeding of thorium.
However, the presence of graphite elements introduces problems concerning (1) the neutron damage in
graphite and the need for its periodic replacement in high power-density systems, (2) the need to dispose
of highly radioactive graphite, and (3) the possibility of flow obstruction by graphite breakage following
extensive radiation damage. Because breeding is not desired in the ATW, all these problems can be
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reduced by limiting the use of graphite moderator elements in the high power density regions of the core
Design simplicity Because of its liquid form, the molten salt fuel permits a greater level of design
simplicity than solid fuel reactors For example, the following items will not be required refueling
machines, fuel rods and assemblies, reactivity control systems and their backup, complex shutdown
systems and extensive accident-recovery procedures On the other hand, salt cleaning equipment, fission
product handling apparatus and remote maintenance devices would be required
Minimization of material problems The achievement of low inventories during waste destruction is
related to high neutron fluxes Neutron flux and power density are not necessanly closely correlated The
proper selection of operating conditions and sufficient shielding inside the reactor vessel will be required
to achieve both low actimdes inventories and low radiation damage to blanket components, and to operate
at as high a power density as possible to reduce costs Some compromises will have to be found
Spatial separation of pnmary system components Because all pnmary system components contain
fuel salt, any neutron leakage into components will have to be minimized because it would produce fissions
in those regions, with consequent heat generation and fast neutron flux damage and activation
Conservative operating conditions Fuel and salt temperatures, flow rates, power densities, operating
pressures in the pnmary system, intermediate system and steam generator system should be selected based
on previous expenence with the MSRE, the conceptual design work performed for MSBR, the laboratory
expenence with molten salt tests, and the expenence of other operating reactors, most notably the liquid
metal reactors Above all, the selected operating conditions should emphasize safety and reliability

Based on the previous points, Figs 6 and 7 illustrate the current thinking in the ATW conceptual
nuclear design The performance of such conceptual design, when coupled with the process chemistry
which is being developed at Los Alamos for use in the ATW fuel cycle, should provide very small standing
inventones and a limited waste stream Fig 8 based on preliminary neutronics and depletion calculations,
illustrate the low inventory feature of the ATW actmide burner
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D.2.2.6. THE SAFETY PERSPECTIVE

Accelerator-driven subcritical systems involve sustained fission processes that will produce radiation
and fission product levels comparable to conventional power reactors. As such, a nuclear safety approach
similar to that used for reactors must be employed.
The fundamental nuclear safety objectives applied to the design of fission reactors are [36]: 1) control
of fission power, 2) adequate cooling, 3) containment of radioactive materials, 4) prevention of inadvertent
criticality and 5) control of personnel and public exposure. Also, for an ATW system to be licensed in the
United States, it would need to have characteristics consistent with those delineated by the Nuclear
Regulatory Commission (NRC)
in its policy statement on regulation of advanced nuclear power plants
[37].
These characteristics include: simplicity, slow response, passive system reliability, reduced system
interdependencies, reduced severe-accident concerns, assured defense-in-depth barriers, and clarity in
safety analyses: these features provide the safety robustness and margins that are desired for advanced
systems, which initially will have had little operational history.

Control of fission power
The response of a neutronically critical system to reactivity insertions is highly nonlinear and rapid:
the initial response is in fact related to the prompt-neutron generation time and the longer-term response
is related to the addition of delayed neutrons from particular decaying fission products. Indeed, it is these
delayed neutrons that make reactor control practically feasible. Reactivity control systems must be capable
of preventing power levels that exceed specific limits, which are set to ensure fuel stability, cooling
sufficiency, and first-barrier integrity.

To obtain a general sense of the responses of critical and subcritical systems to reactivity insertion
events, simple point-kinetics calculations have been performed [14] and their results are shown in Fig. 9.

The insertion of 1.0$ of reactivity in ATW systems only increases
the steady state power level by ~5%
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FIG. 9. Kinetics of the critical and subcritical nuclear systems. Responses to
reactivity insertion events: l$/s reactivity insertions.
169

In these calculations, the reactivity insertion rate was 1 $/s, and its duration was assumed to be either 0.5
sec or 1 sec. For a typical plutonium-fueled molten-salt system, where up to '/z of the delayed neutrons
may be released beyond the boundaries of the core in pipes or heat exchangers, a dollar of reactivity is
approximately equal to a change in keff of 0.002. No reactivity feedbacks were assumed in either case to
simplify the understanding of the results. The initial multiplication in the subcritical system was assumed
to be 0.96, and the initial power for both systems was assumed to be 500 MW. The predicted performance
is plotted in figure.
As expected for the critical system, the power rises rapidly and continues to rise after the reactivity
insertion is completed. Without negative reactivity insertions from inherent negative feedbacks and/or
addition of neutron absorbers, the transients are unterminated. The response of the subcritical system is
markedly different in that the power changes very little. The power is inversely proportional to the inverse
of the degree of subcriticality of the system (initially 1-0.96 or 0.04). At the end of the 1 -sec reactivity
insertion transient, one dollar of reactivity was gained, making the final multiplication of the system equal
to 0.962 and the degree of subcriticality equal to 0.038. The power change is approximately 5%, and a new
steady state is established.
A subcritical system appears to be robust in accommodating neutronic upset
conditions, because the system's response is predictable and relatively insensitive to the reactivity changes
(small power changes for large reactivity changes), as long as the degree of subcriticality is substantial, i.e.
large compared to the delayed-neutron worth. Even if the system was assumed to be initially at a
multiplication of 0.99 and the same reactivity insertion event occurred, the power would only change by
approximately 25%. To put things into perspective, a dollar worth of reactivity insertion would be
equivalent to a plutonium feed error of a factor of ten at beginning of life (the most sensitive condition)
[38].
Although these large margins and the decoupling of power changes from reactivity changes are
attractive in preventing and limiting potential power excursions, and make subcritical systems inherently
stable, it is also true that other (desirable) feedbacks, such as those from system temperature changes, only
weakly affect the power for subcritical systems. In subcritical systems, power cannot be easily adjusted
by means conventionally used in reactors. For example, active control with absorber rods would not be
particularly effective in subcritical systems because of the weak coupling between reactivity and power.
The obvious power control would be by changing the intensity of the driving neutron source by varying
the intensity of the proton beam current.
A second objective for nuclear systems is the highly reliable and rapid termination of the fission
process if the control system were to fail or unforeseen reactivity increases were to occur (scram).
Normally, reactors have mechanically inserted neutron absorber components (shutdown rods, safety rods,
absorber balls, etc.) to provide the scram function. To achieve the required high reliability of inserting these
absorbers on demand, redundancy and diversity of components and systems are employed. Because of
the delays associated with absorber insertion, the power continues to rise above the scram point: this
power over-shoot must be predicted and included in the design of the shutdown system to ensure that
safety limits are not exceeded. The design must in turn take into account the reactivity properties of the
fuel, moderator and coolant. As a result, fuels containing mainly plutonium and higher actinides, for which
there may be little inherent negative reactivity feedback are typically not manageable in critical systems.

If a scram event were to occur in an accelerator-driven subcritical system, the delays would be limited
to those associated with detection of the condition, and interruption of the proton beam. The sensing and
interruption system could be entirely passive, based for example on fuses for the accelerator beam source,
placed in the target/blanket. Once the proton beam is interrupted, the neutron production stops nearly
instantaneously and the power in the subcritical system drops with a decay time given by the product of
prompt neutron lifetime and multiplication. The shutdown can be accomplished quickly, predictably, and
reliably, following detection of abnormal conditions, in milliseconds instead of seconds. The need for incore neutron absorber insertion with the associated mechanical complications is eliminated. The
complexities associated with "managing" the power over-shoot are also eliminated, and inherently unstable
fuels like plutonium become acceptable [14].
Analogously, the quick restart of a subcritical system can be performed following a forced shutdown
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in virtually any situation. A typical problem in reactor operation following shutdown is the buildup of
samarium-149, a large cross-section daughter of the fission product promethium-149, which has a 53-hour
half-life. Shutting down a reactor (especially a high flux system) can lead to the growth of such large
amounts of 149Sm that it may not be restartable until the l49Sm has been removed. No such constraint exist
for subcritical accelerator-driven systems: these systems can always restart and bum the accumulated
samarium because they do not need to reach criticality in order to start producing neutrons and destroy the
poison.
Adequate cooling
Assuring adequate cooling in all situations is essential for all fission reactors. Because the integrity of
the first barrier is a key element in the defense-in-depth strategy for preventing the release of fission
products, and because this integrity is strongly linked to its temperature, adequate cooling of the first
barrier must be assured for normal power operations and for a variety of accident situations, including offnormal shut-downs with the associated decay heat from the fission products. For conventional solid-fuel
reactors fuel cladding is the first barrier, and with high power densities and water coolant, the cladding
temperature can rise rapidly if cooling is interrupted locally. For the molten salt system, the first barrier
is the vessel. The thermal response of this first barrier is therefore linked to the heat capacity of the entire
primary system enclosed by the vessel, which is substantially larger than that of the individual fuel pins
or fuel assemblies of an LWR. The rate of temperature rise in molten salt systems, therefore, would be
much slower than in solid fuel systems. This slow, system-wide response provides substantially increased
opportunities to sense inadequate cooling conditions and to respond appropriately.
The molten salt system also exhibits robustness from the standpoint of heat transport in and out of the
core region. Again the point of reference is a solid-fuel, rod-type core. In this system, the heat is generated
in the solid fuel material and is transferred out of the fuel, across the fuel-clad gap, through the clad, and
to the surrounding coolant. The heat transfer processes include conduction, radiation, and convection. The
overall heat-transport process is sensitive to dimensional changes, fuel restructuring, fission gas content
in the gap, coolant pressure, coolant subcooling, and coolant velocity. Many of these aspects can change

substantially during core life, for different operating modes, and for off-normal and accident conditions.
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salt inventory in the primary system. Thus, this system has the possibility for predictable natural convection
cooling to the primary system boundary and the possibility of efficient passive heat rejection from the
primary system boundary to an external heat sink in emergency situations. The molten salt fuel would then
allow the attainment of substantially more powerful "passively safe" units than possible with solid fuels,
i.e. able to handle the core heat-up in the event of a cooling system failure unattended and without
permanent damage (see Fig. 10).
Containment of radioactive materials
The types of fission products retained in the fuel of an ATW-like molten-salt system are different from
those in solid fuel systems, and because of the extensive cleanup processes, they are present in much
smaller amounts in the liquid fuel. Their release will, nevertheless, constitute a great hazard. Thus,
containment of the radioactive materials at all times and for all conditions must be accomplished for the
molten salt system.
In conventional reactors, many individual sealed units (fuel pins) are present with limited life
requirement (approximately three years before replacement). Thus, if a few of the individual units of the
first barrier were to fail for some reason, only a relatively small fraction of the fission product inventory
would be released to the next barrier. In contrast, the molten salt system's first barrier (the primary system
boundary) must last for the life of the plant, and if it were to fail, a large fraction of the fission product
inventory in the salt might well be released to the next barrier.
High reliability in the performance of the primary system boundary must be assured to deal with this
challenge, and a highly reliable and effective second barrier. Because the first barrier is not in the core and
therefore does not affect the neutronic performance and is generally accessible, design flexibility exists to

make the primary system boundary highly robust and to provide inspectability by remote means. Sealed
vaults with appropriate heat removal systems, atmosphere control systems, and spill recovery systems
could be used as the second barrier. Finally, a surrounding containment or confinement structure would
complete the three-barrier strategy to radioactivity release envisioned in the defense-in-depth approach
[14].

A special challenge for the accelerator-driven molten-salt system is the integration of the beam
transport equipment with the containment barriers. The proton beam can not pass directly through heavywalled structures without substantial losses and the generation of significant heat and radiation. Some type
of redundant thin-window approach is necessary, in order to avoid making the whole accelerator cavity
part of the containment enclosure.
Prevention of inadvertent criticality

Prevention of inadvertent criticality in conventional reactors is a relatively straightforward matter
because it is a concern only for fuel handling, new fuel storage, and spent fuel storage. Solid fuel
segregated into numerous individual assemblies can be handled in a very controlled manner, monitored
for structural deterioration, and stored in well characterized and robust structures. In contrast, the molten
salt system presents challenges in assuring that the location of all fissile material is known at all times. The
potential for precipitation of fissile materials from the molten salt must be considered and taken into
account in the design of the various subsystems. The potential for criticality in the fissile material feed
system and in the salt cleanup and processing systems will have to be considered. Care will also be
required to assure that potential spills and leaks would only accumulate in subcritical configurations.
Overall, criticality concerns would be mitigated by the subcritical margin of the accelerator-driven system
and by the lower inventories of fissile material.
Radiation exposures to personnel
Limitation of the integrated exposure to the operating staff of a conventional reactor power station
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involves equipment reliability and provisions in the design for ease of maintenance, inspections, testing
and repairs. In this respect, the ATW system presents a challenge to designers and operators because of
four reasons: 1) the fission products distributed throughout the primary system will produce high radiation
fields in all areas adjacent to the primary system and potentially high exposures during incident recovery
operations. 2) delayed neutrons produced throughout the primary system will activate all primary system
equipment resulting in radiation exposure potential even after decontamination. 3) the target system will
have limited life and require periodic replacement which could lead to additional personnel exposure. 4)
the use of a lithium-based salt will result in the generation of substantial amounts of tritium, which could
diffuse through metallic boundaries. All of these exposure potentials will have to be recognized in the
design process, and special provisions will have to be included to protect workers during inspections,
testing, maintenance, and repairs [14]. A considerable premium will be placed on highly reliable
equipment and remote maintenance.
Safety features of the Oak Ridge MSBR design
A conceptual design for the ATW does not exist yet, and therefore a valid safety analysis of this
concept cannot be performed. For reference, however, it is useful to look at the safety features of the
Molten Salt Breeder Reactor (MSBR), for which a substantially developed conceptual design does exist
[5], or the Molten Salt Reactor Experiment (MSRE) [19]. While the safety philosophy of the 1960's and
1970's was different from today's, many of the safety concerns and features would be directly applicable
to the ATW system [35].
Passive safety features. The MSRE operation was found to be stable and self-regulating. Responsible
for this behavior were the strong negative temperature coefficients of the fuel salt and the large heat sink
offered by the graphite moderator. The MSRE was simple to control. In over 14,000 hours of critical
operation, nuclear parameters never exceeded the operational limits and a reactor scram was never initiated.
The criticality of the reactor was controlled by regulating the feed of fissile material. Similar operational
characteristics could have been expected for the MSBR. Both reactors, however, were equipped with
control rods, even though the MSRE never used them during operation.
Control rods. The control rods for the MSBR design were movable graphite cylinders, whose
withdrawal from the core left an under-moderated region causing a reduction in reactivity. Should any of
these control rods have broken, they would have floated out of the core, automatically resulting in
decreased reactivity.
Decay-heat removal. Major passive decay-heat removal features were missing from the MSBR
design. However, this was not a general limitation, but only specific to the MSBR design. It is reasonable
in fact to expect that a properly designed molten salt system will exceed the level of passive decay-heat
related safety of all conventional and advanced reactor designs.
Loss of primary coolant. Whereas a primary-system pipe break accident in a solid fuel reactor can lead
to loss of coolant with resultant fuel overheating, fuel melting, and eventually fission product release; such
a failure in the MSBR would lead directly to the spillage of molten salt fuel. This is equivalent to a partial
fuel meltdown with breach of the primary system boundary in a solid fuel reactor. In the MSBR design it
was argued that in such an accident situation the fuel would immediately freeze and most likely retain the
fission products (especially since the volatiles would have been virtually absent from the fuel) so that
cleanup of the contamination, repair and restart of the reactor could follow quickly. This procedure
however might not meet modem standards of plant safety.
Steam pressure. The MSBR was designed to operate with a steam pressure of 3800 psig, by far the
highest steam pressure found in any nuclear steam generator. The steam generator and power conversion
plant were based upon the coal-fired Bull Run Power Plant that produced a net efficiency greater than 44%.
Obviously the intent was to capitalize on the large thermal efficiency possible at the high molten salt
temperature using the supercritical steam conditions. Pressure relief systems had to be provided in the
intermediate loop to prevent over-pressurization in the event of a steam generator tube rupture. Such high
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pressures in the steam generator would probably not be acceptable today in a molten salt system even in
the presence of pressure relief systems, because of the very low pressure present in both the primary and
secondary systems. It may therefore be desirable to consider lower pressure steam systems, i.e. 1000 psi,
analogous to those employed in current low-pressure reactor designs such as the Integral Fast Reactor
(IFR). While lowering the steam pressure will tend to lower the energy conversion efficiency, the
decreased severity of steam line break accidents will facilitate the design of highly reliable heat exchangers
and relax the requirements for the design pressure in the containment structure.
Natural convection capability. The MSBR core and heat exchanger, and also the steam generator, were
designed to be all at about the same height, with little difference in the elevation of the respective thermal
centers. Such a configuration did not encourage natural convection as a means of heat transport in case of
a loss of forced flow. A configuration promoting natural convection would be required in the ATW
design.

Shutdown capability. Because the MSBR was to operate with only a very small amount of excess
reactivity to be compensated by external control, withdrawal of the control rods placed in the core was
sufficient to ensure shutdown under all circumstances. Fuel drainage was not relied upon to shut down
the reactor.

D.2.2.7. COST ESTIMATES FOR ATW SYSTEMS

Before a new and potentially expensive concept like ATW can be funded for feasibility studies and a
demonstration research and development program, one has to be convinced that it does not have excessive
intrinsic economical penalties. The extra costs incurred by an accelerator and a chemical processing plant
in the ATW systems immediately raise the cost issue to a prominent level.
Lacking a complete conceptual design, costing of ATW systems is obtained by comparison to similar
plants. The following analysis is based on the model developed in [39]. It is assumed that the
target/blanket system would not cost more than a critical reactor of equivalent thermal power using similar
technology (in terms of operating conditions, the IFR/ALMR reactor is the most similar to the molten salt
blanket). The accelerator costs were estimated from the LANL-APT concept and the processing system
cost was based on existing facilities, such as the LANL plutonium processing facility and on facilities
evaluated for the IFR project.

Further details used in our cost estimates are as follows: The accelerator produces 1-GeV protons. 50
mA to drive the ATW burner. Using a liquid lead target, the yield from 1-GeV protons is 30 n/p.
Assuming operating k^ = 0.96, thermal to electric conversion of 40%, the engineered efficiency is 88%
(12% of the electricity generated goes to the accelerator and the auxiliary operation). This ATW system
generate 3000 MWt, or 1200 MWe power. Of this amount, 1060 MWe is available to the grid. It can
support four 1000-MWe LWRs.
The cost for the chemical plant ($500M) should be lower than previously estimated for aqueous
systems [8] and it is based on a comparison with the IFR processing costs [40]. The ATW fuel cycle
includes: spent-fuel hydrofluorination, fuel and waste storage at the front end; reduction extraction of
lanthanides, off-gas systems and in-blanket electrorefining at the back-end; replacement operation and
storage space; waste treatment and end-of-life decommissioning. The ATW system does not require fuel
pin (re)fabrication, and the separation requirements are in general lower than in the IFR/ALMR.
The blanket cost is estimated at $300M, which is a conservative estimate based on IFR core costs,
augmented to include the target. The other component costs are adapted from [39], with proportional
adjustments in turbine machines, miscellaneous equipment and electricity equipment. The result is
$1700M. Adding the contingency and interest cost during construction, it amounts to $2590M.
The size of the ATW plant was taken at 3000 MWt, to match it with the standard LWRs to be serviced.
One ATW system would process and transmute the spent fuel produced by four identical LWR plants of
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equal thermal power.
Using the total cost of S2590M derived for the actinide burner system and standard accounting
practices [39], the surcharge on the nominal cost of nuclear-generated electricity (50 mils/kWhr) to destroy
plutonium and the higher actimdes is calculated to be 3 mils/kWhr. Further surcharges will apply to pay
for the destruction of selected long-lived fission products.
This exercise in ATW system costing is not an attempt to put a hard number on costs. It does,
however, provide a general indication on the cost issue. It seems reasonable to expect that the ATW
systems will cost more than other types of nuclear reactors, and that their introduction in the nuclear energy
production infrastructure will increase the cost of nuclear-produced electricity. These extra charges,
however, will enable the nuclear industry to deal with the waste problem without depending on geologic
storage. It is our belief that such disposal costs are not accurately known for the geologic repository
solution at this point, given the uncertainty concerning the feasibility and public acceptance of this option.
It is possible that a centralized geological repository will not be realized, or that permanent nuclear
waste storage will become acceptable only in conjunction with a transmutation process that destroys the
actinides and the hazardous, long-lived fission products contained in the spent fuel. The increase in
electricity rates introduced by transmutation systems might then be properly viewed as the adjustment that
needs to be paid in order to take into account the real costs of waste disposal.

D.2.2.8. SUMMARY
In the past several years, the Los Alamos ADTT program has conducted studies of an innovative
technology for solving the nuclear waste problem and building a new generation of safer and nonproliferant nuclear power plants.
Based on the LANSCE accelerator experience and the advent of high power accelerator technologies,
drawing from the extensive development and operation knowledge bases of the Molten Salt Reactor
Experiment at the Oak Ridge National Laboratory, the ALMR/IFR program at the Argonne National
Laboratory and plutonium processing experience at Los Alamos, we are developing ATW as a nuclear
concept with unique features and capabilities, and we deem it to be technically feasible with a reasonable
amount of research and development.

The ATW concept destroys higher actinides, plutonium and selected fission products in a liquid-fuel
subcritical assembly. The accelerator provides the extra neutrons and the level of subcriticality needed to
perform these operation safely and effectively.
Among the special features of ATW, the following four are especially important:
1. ATW flexibly accepts nuclear spent fuel from any existing type of nuclear reactor using practicaland
efficient processes

2. Inhibits plutonium accumulation, proliferation and diversion at all levels
3. Effectively destroys plutonium, higher actinides (utilizing them for energy and neutron production),
and selected fission products, removing them from the nuclear waste stream
4. Is fully compatible within the existing or foreseeable future nuclear infrastructure of base-load reactors
Admittedly, the ATW system uses technology which is not as developed as present-day commercial
nuclear technologies, and actual realization of its objectives will take 15-20 years of hard work and
development (see timeline in Fig. 11). No pure actinide burner, subcritical or otherwise, has ever been
operated and the experience base for pyroprocessing (molten salt and liquid metal chemistry) is smaller
than for more established techniques (i.e. aqueous processing). In the paper we have only hinted at the
process chemistry required by ATW. While these processes have been identified and look promising, their
full characterization is still far from complete, including the determination of the all-important
decontamination factors in the waste streams.
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system will capitalize on these assets and take advantage of the experience.
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A small scale experiment is described that will demonstrate many of the aspects of accelerator-driven
transmutation technology. This experiment uses the high-power proton beam from the Los Alamos Meson
Physics Facility accelerator and will be located in the Area-A experimental hall. Beam currents of up to 1
mA will be used to produce neutrons with a molten Lead target. The target is surrounded by a molten salt
and graphite moderator blanket. Fissionable material can be added to the molten salt to demonstrate
Plutonium burning or transmutation of commercial spent fuel or energy production from Thorium. The
experiment will be operated at power levels up to 5 MW.
6.2.3.1. INTRODUCTION

The coupling of a neutron producing accelerator with a subcritical fission assembly has been proposed
at Los Alamos as a method of addressing several issues of current importance. This type of subcritical
system can be operated in a much larger parameter space than an ordinary reactor. Because of this increased
flexibility in operating conditions, an accelerator driven subcritical fission system can be used to 1) destroy
weapons grade Plutonium with little actinide residue, 2) burn spent fuel from commercial reactors with
reduced waste stream and 3) generate power using the Thorium/uranium cycle. Because the fuel does not
need to be enriched, it appears that the system can be made more proliferation resistant than other proposed
systems that address these issues.

At present the system concept for an accelerator driven transmutation technology (ADTT) system
consists of a 500 MW, module driven with 15 mA of 800 MeV proton beam (12 MW) incident on a
neutron production target. The neutron production target is at the center of a LiF-BeF2 molten salt (MS)
and graphite moderator blanket. In the case of Plutonium destruction, Plutonium can be added to the molten
salt. Other applications such as energy production (EP) and accelerator transmutation of waste (ATW) will
probably use the same basic technology and design philosophy. In these cases Thorium or spent fuel could
be added to the molten salt to demonstrate energy production or spent fuel transmutation.
Considerable knowledge and experience in the operation of MS systems exists from the Molten Salt
Reactor Experiment (MSRE) that was operated at the Oak Ridge National Laboratory (ORNL) in the
1960's. At the conclusion of the MSRE, the researchers at ORNL felt that they had satisfactorily
demonstrated the basic requirements of MS operation. In the design of this experiment we have assumed
that the major technical issues have been satisfactorily addressed by this work at ORNL. As we design and
fabricate the experiment, we will continuously evaluate the technology and update it where possible or
necessary.
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As a crucial step towards developing a 500 MW, prototype module, we are proposing a small scale
demonstration experiment. The experiment consists of a phased sequence of development and
demonstration activities that begin with the development of a molten-lead target and techniques for molten
salt handling. The experiment will culminate in the operation of an integrated accelerator-target/blanket
subcritical fission assembly that can operate at power levels of up to 20 MW, although significant progress
can be made at lower power levels.

This experiment will demonstrate many of the important aspects of ADTT and will be modeled on the
preconceptual design of a single 500 MW, module. The experiment will take advantage of the high power
800 MeV proton beam from the Los Alamos Neutron Science Centre (LANSCE) accelerator and will be
located in experimental Area-A. Proton beam currents of up to 1 mA (800 kW) will be incident on the
neutron production target. The experiment has the following ultimate goals:
1. It will demonstrate the integrated operation of a high-power particle beam used to produce
neutrons coupled to a subcritical fission assembly. The power levels will be high enough to show
significant transmutation processes.
2. It will test the analytical, diagnostic and control instrumentation that will be developed to monitor
and operate the system. It will verify predicted system responses, time constants and reactivity
behavior of the integrated system.

3. It will demonstrate the operation and performance of the neutron production target both alone and
coupled to the molten salt blanket. It will also demonstrate the beam window technology necessary
to inject the beam into such a target.
4. It will demonstrate techniques for large scale molten salt handling. It will provide a test bed for
gaining safety related experience in molten salt operations.

5. It will demonstrate control of molten salt chemistry, material solubilities, material deposition and
plate out problems.
6. It will demonstrate the helium sparging techniques for handling and removing the evolved fission
product gases and the containment of tritium.
7. At a reduced flux level, it will verify the integrity of the materials and the design concepts used.

8. It will demonstrate the control of environment, safety and health (ES&H) issues related to the
operation of the integrated system.
D.2.3.2. MOLTEN LEAD TARGET

The neutron production target consists of a cylindrical container that holds the molten Lead, a Lead-tohelium heat exchanger that is located above this cylinder and a reservoir below the target volume. A
window on the side of the target allows the proton beam to enter the target volume and internal baffling
directs the flow of the Lead against the window to ensure proper cooling. A liquid Lead target provides the
following advantages:
1. Higher beam powers can be used compared to solid targets. The beam power in solid targets is
limited by the ability to cool them. This limits the beam power to approximately 1 MW. Many
ADTT concepts as well as spallation targets for material science research involve power levels
substantially greater than 1 MW. Development of this technology will have wide and future
applications. Similar liquid Lead targets are being developed at PSI for the SINQ spallation
source.[l]

2. Because the bulk of the material is liquid, the target is not subject to the same radiation damage
issues that are present in solid target designs. Radiation damage concerns are only present in the
container and window of the target. In addition, the molten Lead can be removed and reused if the
container needs to be replaced.
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3. Because a liquid Lead target does not have to be cooled by the salt it can be decoupled from the
salt tank and physically isolated from it. This means the target can have its own container and can
be removed without having to open up the salt volume that may contain highly radioactive and
fissionable material. In addition, removal of the target will be much easier because its volume and
mass are only a small part of the salt blanket system. The tank that contains the molten salt does
not require a window for the beam.
Two types of molten Lead targets are possible: pure Lead and Lead-bismuth eutectic (LBE). LBE has
the advantage of a lower melting point. LBE has a melting point of approximately 125°C which is
considerable lower than the 325 °C of pure Lead. This reduced temperature will simplify some of the
materials issues in the operation of the target. The major disadvantage of LBE is that the production of
radioactive Po is approximately 1000 times greater than that of molten Lead [2]. We are presently
evaluating the choice of Lead for this target.
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FIG. 1. Drawing of the molten Lead target for the accelerator driven subcritical assembly.

Figure 1 shows a schematic drawing of the liquid Lead target. A detailed description of the target
design and operation is given by Beard et. al [3]. The present choice of material for the target container is
Nb with 1% Zr. This choice is based on its excellent compatibility with molten Lead and is discussed in
a contribution by Park et. al [4].
The Lead is stored in a reservoir below the target volume when not being irradiated. Lead is pumped
into the target volume with pressurized argon. During normal operation the valve between the reservoir and
the target volume is closed and the Lead circulates between the target volume and the heat exchanger. The
Lead is returned to the reservoir to cool and is stored there.
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D.2.3.3. SITE SELECTION

We chose to locate the experiment at the LANSCE accelerator because LANSCE presently has the
highest beam power of any accelerator in the world and the beam energy is similar to that being proposed
for the actual modules. A beam current of 1 mA is about the right intensity to test many of the issues
associated with the development of the 500 MW, module and will not require significant expenditure that
going to higher currents will require. The proposed location for the experiment is after the Al and A2 pion
production targets (between the A3 and A4 targets). This location was chosen for the following reasons:
1. The proton beam transport and shielding for up to 1 mA of beam already exists.
2. There is relatively easy access to the proton beamline through stackable shielding, with little or no
modification of existing structures necessary.

3. Because this location has never been the site of a production target it is relatively unactivated.
4. There is a large area near the beamline to stage the experiment This area can be used to set up the
experiment prior to its placement in the beam. The support infrastructure such as cooling and
electrical power that will be installed for these initial tests can be used in the actual experiment.
5. There is good access to the experimental and setup areas with a large forklift and there is a 30 ton
overhead crane in both the setup and the experimental areas.
D.2.3.4. MOLTEN SALT BLANKET

Figure 2 shows a conceptual design of the experimental tank for the experiment. It consists of a 3.6 m
diam, 4.2m high cylinder with a hole in the center for the target cell. The entire tank is fabricated from
Hastelloy N and contains the molten LiF-BeF2 salt and an array of carbon moderators. Hastelloy N has been
shown in the MSRE to have excellent compatibility with molten salt. The Lithium in the salt will be
enriched to 99.9% in 7Li to reduce the absorption of neutrons due to the large thermal capture cross section
of 6Li. The beam passes through the tank and enters the molten Lead target cell on the side through a
window. The molten salt is heated to a temperature of approximately 600°C and is circulated through the
carbon moderators and cooled by heat exchanges located inside the molten salt tank. An external cooling
loop, that uses a NaF-LiF molten salt with boron added cools the primary heat exchanger in the tank. The
secondary loop is cooled by an independent heat exchanger. Some of the physical properties of the system
are listed in TABLE I.
TABLE I. PHYSICAL PROPERTIES OF EXPERIMENT
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Volume of salt

1 m3

Volume of carbon

10m 3

Operating temperature of salt

600 °C

Lead Target volume

60 1

Operating temperature of target

500°C

Proton Beam

Delivered through vacuum
window to central target

Pumps and Heat
Exchangers

Internal and close to core to
reduce liquid luel inventory

Target

Flowing molten lead

Heat Sink
Low melting poinl salt

Vessel

Totally enclosing the liquid
Blanket

tuel to eliminate fuel spills
through pipe ruptures

Fuel-bearing molten salt
upflow circulation

Reflector
Graphite

FIG 2

A conceptual system layout of the molten salt blanket for the accelerator driven subcritical
assembly

There will be a small pipe installed in the tank to allow the removal of small amounts of salt during the
experiment to monitor the oxidation state of the Pu and the build up of fission products (FP) Small
amounts of material will be added to the salt blanket to adjust the redox potential of elements in the molten
salt blanket The control of the salt flow through this drain pipe will be via freeze plugs that have been used
successfully in the MSRE There will be provisions for supplying approximately 1 MW of electrical power
to the MS tank to heat the salt during initial setup when there is no power being supplied by the beam
D 2 3 5 . EXPERIMENT SCHEDULE

The experiment will proceed in three stages. The first stage involves the development of the molten
Lead target In the second stage, the molten salt tank is constructed and the technology for molten salt
operation is developed In the final stage, fissionable material is added to the molten salt target/blanket and
actual transmutation processes are demonstrated. In this stage, small amounts of fissionable material will
be added and the response of the system will be measured. The measurements will be compared to the
predicted behavior. If the calculations are verified, more fuel may be added to the blanket and the power
increased
At each stage, the systems will be developed first in off-line test stands Following complete testing,
each system will be installed in the LANSCE beamline and tested m-beam For the case of the molten Lead
target, the radiation testing will occur at the LANSCE beam stop location In the case of the molten salt
tank, the testing will occur in the new target area in the location described in section D 2 3 3
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D 2 3 6 SYSTEM PERFORMANCE

We have calculated the performance of a fueled molten salt subcntical target\blanket system based on
the conceptual design of this expenment Figures 3 and 4 show calculations of initial blanket power and
initial k^ following the addition of U9Pu to the molten salt blanket For these calculations we have assumed
1 mA of proton beam with a neutron production target that produces 21 neutrons /proton For an initial
loading oi 3 kg of 239 Pu, the power in the blanket is calculated to be approximately 4 MW and keff is
approximately 0 7
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100000

~

10000

4>

o
CL

c
jo

1000

m
100
1000

2000

3000

4000

5000

Initial Pu Loading (g)

FIG. 4

184

Initial keff for different initial plutomum loading in the molten salt
blanket
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Energy production from Thorium is shown in Fig. 5. The solid squares show the time dependence of
the blanket power when the MS blanket is loaded with 1000 kg of Thorium. The open circles show the
performance of the system for the case where 2 kg of 239Pu is added to the 1000 kg of Thorium. For
comparison, the triangle curve shows the time dependence of the blanket when only 2 kg of pure ^'Pu is
added. As seen from the figure (squares), the power from the fission of 233U slowly rises when only
Thorium is used in the blanket. The power output and the breeding rate of B3U can be increased with the
addition of 239Pu . The fact that the curve for Thorium and Plutonium increases above the curve for pure
Plutonium is an indication of power generation using the Thorium/uranium breeding cycle.
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FIG. 5. The blanket power for various initial fuel loadings of the blanket. The solid squares
are for an initial loading of 1000 kg of Thorium. The open squares is for an initial loading

of 1000 kg of Thorium and 2 kg of239Pu. For comparison, the triangles show the blanket
power for 2 kg of239Pu alone.

D.2.3.7. CONCLUSION
This small scale demonstration experiment is a crucial step towards the development of a full scale
ADTT system. The experiment addresses many key issues in ADTT technology and will demonstrate the
following new technologies:
1. Molten Lead neutron production targets

2. Integrated operation of a neutron production target and a subcritical fission blanket assembly.
3. Integral heat exchangers and pumps
4. On-line criticality measurements
5. Helium sparging to remove volatile fission product gases
6. Plutonium bum up
7. Energy production using the Thorium/Uranium breeding cycle.
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The basic concept and the main practical considerations of an Energy Amplifier (EA) have been
exhaustively described in Ref. [1]. Here the realisation of the EA is further explored and schemes are
described which offer a high gain, a large maximum power density and an extended bum-up, well in excess
of 100 GW x d/t corresponding to about five years at full power operation with no intervention on the fuel
core. Most of these benefits stem from the use of fast neutrons, as already proposed in Ref. [2].
The EA operates indefinitely in a closed cycle, namely the discharge of a fuel load, with the exception
of fission fragments, is re-injected in the sub-critical unit with the addition of natural Thorium to
compensate for the burnt fuel. After several cycles an equilibrium is reached, in which the Actinide concentrations are the balance between burning and "incineration". The fuel is used much more efficiently,
namely the power obtained from 780 kg of Thorium is roughly the same as the one from 200 tons of native
Uranium and a PWR (33 GW x d/t of burn-up). The probability of a criticaliry accident is suppressed since
the device operates at all times far away from it. Spontaneous convective cooling by the surrounding air
makes a "melt-down" leak impossible.
An EA module consists of a 1500 MWt unit with its dedicated 1.0 GeV proton accelerator of 12.5 mA.
A compact, highly reliable and modular Cyclotron has been designed. A plant may be made of several such
modules. For instance a cluster of three such modular units will produce about 2,000 MWe of primary
electrical power. A relevant feature of our design is that it is based on natural convection to remove the heat
generated inside the core. The EA is a large, passive device in which a proton beam is dumped and the heat
generated by nuclear cascades is extracted, without other major elements of variability. The delivered
power is controlled exclusively by the current of the accelerator. The fuel needs no access during the whole
burn-up and it may be kept sealed up as a non-proliferation safeguard measure. Contrary to Fusion, there
are no major technological barriers.
After ~ 700 years the radio-toxicity left is about 20,000 x smaller than the one of an ordinary
Pressurised Water Reactor (PWR with an open fuel cycle and reprocessing losses 10"4) for the same energy.
Geological storage (106 years) is virtually eliminated or at least strongly reduced [< 500 Ci/(GWex a) after
1000 years]. It could be further reduced (< 35 Ci) "incinerating" some of the nuclides. Radioactivity dose
to individuals truncated to 10,000 years and due to operation is about 1/330 of the one of PWR and about
1/33 of Coal burning.

D.3.1. INTRODUCTION
The principle of operation of the Energy Amplifier (EA) has been described in detail in Refs. [1-3]. The
present paper is aimed at the demonstration of the practical feasibility of an EA with power and power
density which are comparable to the ones of the present generation of large Pressurised Light Water
Reactors (PWR). This is only possible with fast neutrons [2].
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Greenhouse induced Global Warming concerns related to a massive use of Fossil Fuels may lead to a
new call for nuclear revival. But a much larger share of energy produced by conventional Nuclear methods
(PWR) will sharpen concerns and enhance many of the problems which must be solved before extending
its use. We believe that most of the criteria for a revival of nuclear power are very tough:
(1) Extremely high level of inherent safety;
(2) Minimal production of long lived waste and elimination of the need of the geologic repositories;

(3) High resistance to diversion, since latent proliferation is a major concern.
(4) More efficient use of a widely available natural fuel, without the need of isotopic separation.
(5) Lower cost of the heat produced and higher operating temperature than conventional PWRs in

order to permit competitive generation of substitutes to fossil fuels [4]. Substitution fuels are
necessary to allow a widespread utilisation of the energy source and to permit retrofitting of
existing facilities, now operating with CO2 producing fuels.
Our design of an EA has these objectives as goals and it is intended as proof that they can be met fully.
The primary fuel is natural Thorium which is completely burnt after a number of fuel cycles through the
EA. Actinides present in the fuel discharge at the end of a fuel cycle are re-injected in the EA and become
the "seeds" for the subsequent cycle. This ensures a very efficient use of the primary fuel element1. This
objective is identical to the one eventually met by Fast Breeders. Compared to the consumption of natural
fuel material, the EA is about 250 times more efficient than the present PWRs based on an open fuel cycle.
Nuclear power has successfully developed the methods of retaining large amounts of radioactivity
within the power plant and in isolation with the biosphere. The limited amount of fuel material of the EA
and the sealed, passive nature of the device further simplifies the realisation of such a concept. The
fractions of radioactivity actually injected in the environment during (1) mining, (2) operation and (3)
reprocessing and refuelling are considered first Preventive measures to eliminate unwanted accidents and
their possible consequences on the environment will be considered later on.

The radio-toxicity released by a Thorium driven EA is much smaller than the one of the PWR related
throw-away cycle [1] [2]. In the phase of the fuel extraction and preparation, it is about lO^H-lO"4 for the
same delivered energy, since a much smaller amount of Thorium is required (0.78 ton vs. 200 tons of
Uranium for 3 GW,,, x a) in the first place and which is much less toxic to extract [5]. The toxicity released
in form of waste at the back-end of the cycle for Actinides is reduced to the very tiny fraction lost during
fuel re-cycling and reprocessing. Among fission fragments, excluding the short lived and stable elements,
there are a few elements which are medium lived (r1/2 = 30 years, ^Sr-^Y, 137Cs, etc.) and some others
("Tc, 135Cs, 129I, etc.) which are truly long lived. The policy we propose to follow is to store in manwatched, secular repositories for several centuries the medium lived in order to isolate them from the
biosphere and to promote a vigorous research and development of methods of incinerating the bulk of the
long lived FFs with the help of a fraction of the neutron flux of the EA or with dedicated burners [6].
Therefore, and contrary to the PWR related throw-away cycle, the need for a Geologic Repository is
virtually eliminated.
UNSCEAR [7] has estimated collective radioactivity doses to the population associated to various
forms of energy production. Coal burning emits radioactivity in fumes and dust, resulting in a typical,
collective radiation exposure of 20 man Sv (GWe a)"1. The practice of using coal ashes for concrete
production adds as much as 2.5 x 104 man Sv (GWC a)"1. In the case of the PWR throw-away cycle the
estimated dose is 200 man Sv (GWe a)"1, with the main contribution coming from the mining and
preparation of the fuel2. Accidents which have plagued some of the present Nuclear Power stations and
which are expected to be absent because of the new features of the EA, have added as much as 300 man
1

The heat produced burning 70.3 kg of Thorium in the EA is equal to the one of 1 million barrels of oil
The main nuclide contributions in the nuclear fuel cycle are Radon from Mill Tailings (150 man Sv/GW/y) and
reactor operation and reprocessing (50 man Sv/GW/y). The potential accumulation of collective radiation doses in
the far future from the practice of disposing the long lived waste (geologic storage) is not included in the UNSCEAR
estimates, since it is subject to major uncertainties.

2
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Sv (GWe a)"1, bringing the toll of Nuclear Energy to about 500 man Sv (GWe a)"1. Translating the figures
of Ref. [7] to the conditions of the EA, we arrive at much smaller collective doses, namely 2.75 man Sv
(GWe y)'1 for the local and regional dose and 0.44 4-1.42 man Sv (GWe a)"1 for the global dose, depending
on the type of mineral used. The total radioactivity absorbed by the population is about one order of
magnitude smaller than if the same energy is produced by burning Coal, even if the ashes are correctly

handled. In the case of the Coal option we must add the emissions of pollutants like dust, SO2 etc. and their
toll on the Greenhouse effect.
A novel element of our design is the presence of the proton beam. A recent experiment has specified
the required characteristics of such an accelerator [3]. The accelerated particles are protons (there is little
or no advantage in using more sophisticated projectiles) preferably of a minimum kinetic energy of the
order of 1 GeV. The average accelerated current is in the range of 10 -r 15 mA, about one order of
magnitude above the present performance1 of the PSI cyclotron [8]. This current is lower by one order of
magnitude than the requirements of most of the accelerator-driven projects based on c-w LINAC [9]. In
view of the present developments of high-intensity cyclotrons and the outstanding results obtained at PSI
[8], we have chosen a three-stage cyclotron accelerator. In the design particular attention has been given
to the need of a high reliability and simplicity of operation. The experience accumulated in the field at
CERN, PSI and elsewhere indicates that this goal is perfectly achievable. The expected over-all efficiency,
namely the beam power over the mains load is of the order of 40%. The penetration of the beam in the EA
vessel is realised through an evacuated tube and a special Tungsten window, which is designed to sustain
safely both radiation damage and the thermal stress due to the beam heating. As discussed in more detail
later on, the passive safety features of the device can be easily extended to these new elements.
Since the accelerator is relatively small and simple to operate, if more current is needed, several of these
units can be used in parallel, with a corresponding increase of the overall reliability of the complex. In this
case, the beams are independently brought to interact in the target region of the EA.
For definiteness, in the present conceptual design of the EA we have chosen a nominal unit capacity
of 1500 MW,. This corresponds to about 675 MW of primary electrical power with "state of the art"
turbines and an outlet temperature of the order of 550 -r 600 °C. The thermodynamical efficiency of = 45%
is substantially higher than the one of a PWR and it is primarily due to the present higher temperature of
operation. The general concept of the EA is shown in Fig. 1.1.
The nominal energetic gain2 of the EA is set to G = 120 corresponding to a multiplication coefficient
k = 0.98. The nominal beam current for 1500 MW, is then 12.5 mA x GeV3. In practice the proton
accelerator must be able to produce eventually up to 20 mA x GeV in order to cope with the inevitable
variations of performance during the lifetime of the fuel. Such accelerator performance is essentially
optimal for a chain of cascading cyclotrons. A significantly smaller current may not provide the required
accelerator energetic efficiency; a higher current will require several machines in parallel. Hence, this size
of the module is related, for a given gain, to the state of the art of the accelerator. The electric energy
required to operate the accelerator is about 5% of the primary electric energy production. The choice of k
is not critical. For instance an EA with k = 0.96 (G = 60) can produce the same thermal energy but with
a fraction of re-circulated power about twice as large, namely 10% of the primary electricity, requiring two
accelerators in parallel.
An energy generating module consists of a 1500 MW, unit with its own dedicated 12.5 mA x GeV
accelerator. An actual plant may be made of several such modules. For instance a cluster of three such
modular units will produce about 2,000 MW of primary electrical power. Beams from the accelerators

1

An improvement programme is on its way to increase the average current to about 6 mA.
The energetic gain G is defined as the thermal energy produced by the EA divided by the energy deposited by the
proton beam.
3
This notation is justified, since the energetic gain of the EA is almost independent of the proton kinetic energy,
provided it is larger than about 1 GeV.
2
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FIG. 1.1
General lay-out of the Energy Amplifier complex. The electric power generated is also used to run the Accelerator (re-circulated power < 5%).
At each discharge of the fuel (every 5 years) the fuel is "regenerated". Actinides, mostly Thorium and Uranium are re-injected as new fuel in the EA, topped with
fresh Thorium. Fission fragments and the like are packaged and sent to the Secular repository, where after ~ 1000 years the radioactivity decays to a negligible
level (see Figure 1.4). For simplicity the option of incinerating long-lived fragments is not shown.

can be easily transported over the site and switched between units: a fourth, spare, accelerator should be
added in order to ensure back-up reliability
The modular approach has been preferred in several recent conceptual designs [10] of Sodium cooled
fast reactors in the USA (ALMR, Advanced Liquid Metal Beactor), Japan (MONJU) and in Russia (BMN170), for reasons of cost, speed of construction and licensing. Such modularity permits the use of the
devices in relatively isolated areas. The power plant can be built in a well developed country and
transported to the target area. Decommissioning of the device is also simplified. The European approach
(EFR, European East Reactor) is more conservative and is based on a single, large volume pool for a
nominal power in excess of 3,000 MW,. Such an approach is possible also for the EA. In this case, because
of the larger power, the beams from two accelerators will be simultaneously injected in the core of the EA.
Both designs are robust, cost-effective and they incorporate many features which are the result of the
extensive experience with smaller machines. They are designed for a number of different fuel
configurations and they can easily accommodate those appropriate to the EA. We have taken as "model"
for our design many of the features of the ALMR. The ALMR was designed to provide high reliability for
the key safety, including shutdown heat removal and containment. We intend to follow the same basic
design, with, however, the added advantages of (1) sub-critical operation at all times (2) negative void
coefficient of molten Lead (3) convection driven primary cooling system and (4) non reactive nature of
Lead coolant when compared to Sodium.
The coolant medium is molten natural Lead operated in analogy with our (Sodium cooled) "models"
at a maximum temperature of 600 -=- 700 °C. In view of the high boiling temperature of Lead (1743 °C at
n.p.t.) and the negative void coefficient of the EA, even higher temperatures may be considered, provided
the fuel and the rest of the hardware are adequately designed. For instance direct Hydrogen generation via
the sulphur-iodine method [4] requires an outlet temperature of the order of 800 °C. A higher operating
temperature is also advantageous for electricity generation, since it may lead to an even better efficiency
of conversion. Evidently, additional research and development work is required in order to safely adapt our
present design to an increased operating temperature. In particular the cladding material of the fuel pins
may require some changes, especially in view of the increased potential problems from corrosion and
reduced structural strength. With these additions the present design should be capable of operating at

temperatures well above the present figures.
A most relevant feature of our design is the possibility of using natural convection alone to remove all
the heat produced inside the core. Convection cooling has been widely used in "swimming pool" reactors
at small power levels. We shall show that an extension of this very safe method to the very large power of
the EA is possible because of the unique properties of Lead, namely high density, large dilatation
coefficient and large heat capacity. Convection is spontaneously and inevitably driven by (any) temperature
difference. Elimination of all pumps in the primary loop is an important simplification and a contribution
towards safety, since unlike pumps, convection cannot fail. In the convective mode, a very large mass of
liquid Lead (~ 10,000 tons), with an associated exceedingly large heat capacity1 moves very slowly

(< 2.0 m/s inside the core, about 1/3 of such speed elsewhere) transferring the heat from the top of the core
to the heat exchangers located some 20 metres above and returning at a lower temperature (AT * - 200 °C)
from the heat exchangers to the bottom of the core.
The geometry of the EA main vessel is therefore relatively slim (6.0 m diameter) and very tall (30 m).
The vessels, head enclosure and permanent internal structures are fabricated in a factory and shipped as an
assembled unit to the site2. The relatively slender geometry enhances the uniformity of the flow of the liquid
Lead and of the natural circulation for heat removal. The structure of the vessel must withstand the large
1

The heat capacity of liquid Lead at constant pressure is about 0.14 J/g/"C. For an effective mass of = 10* tons = 10'°
grams and a power of 1.5 GW (full EA power), the temperature rise is of the order of 1 .OuC/s. The mass flowing
through the core for AT = 200°C is 53.6 t/s, corresponding to some 1.5 minutes of full power to heat up the half of
the coolant in the "cold" loop, in case the heat exchangers were to fail completely.
2
The shipping weight is about 1500 tons. Removable internal equipment is shipped separately and installed through
the top head.
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weight of the liquid Lead There are four 375 MWt heat exchangers to transfer the heat from the primary
Lead to the intermediate heat transport system They are located above the core in an annular region
between the support cylinder and the walls of the vessel
The vessel is housed below floor level in an extraordinarily robust cylindrical silo geometry lined with
thick concrete which acts also as ultimate container for the liquid Lead in case of the highly hypothetical
rupture of the main vessel In the space between the mam vessel and the concrete wall the Reactor Vessel
Air Cooling System (RVACS) is inserted This system [11], largely inspired from the ALMR design, is
completely passive and based on convection and radiation heat transfer The whole vessel is supported at
the top by anti-seismic absorbers Even in the case of an intense earthquake the large mass of the EA will
remain essentially still and the movement taken up by the absorbers
The fuel is made of mixed oxides, for which considerable experience exists More advanced designs
have suggested the use of metallic fuels or of carbides [12] These fuels are obviously possible also for an
EA We remark that the use of Zirconium alloys is not recommended since irradiation leads to
transmutations into the isotope 93Zr, which has a long half-life and which is impossible to incinerate without
separating it isotopically from the bulk of the Zirconium metal The choice of the chemical composition
of the fuel is strongly related to the one of the fuel reprocessing method A relative novelty of our machine
when compared to ordinary PWRs is the large concentration of ThO2 in the fuel and the corresponding
production of a small but relevant amount of Protactinium A liquid separation method called THOREX
has been developed and tested on small irradiated ThO2 fuel samples [13] The extrapolation from the
widely used PUREX process to THOREX is rather straightforward and this is why we have chosen it, at
least at this stage Methods based on pyro-electnc techniques [14], which imply preference to metallic fuels,
are most interesting, but they require substantial research and development work Since the destination of
the Actimdes is now well defined i e to be finally burnt in the EA, the leakage of Actimdes in the Fission
Fragment stream must be more carefully controlled, since they are the only Actimdes in the "Waste" We
have assumed that a "leaked" fraction of 10"4 is possible for Uranium The recycled fuel has a significant
radio-activity We have checked that the dose at contact is similar to the one of MOX fuels made of
Uranium and Plutonium, already used in the Nuclear Industry
The average power density in the fuel has been conservatively set to be p - 55 W/g-oxide, namely
about 1/2 the customary level of LMFBR1 (ALMR, MONJU, and EFR) The nominal power of 1500 MW,
requires then 27 3 tons of mixed fuel oxide The fuel dwelling time is set to be 5 years equivalent at full
power The average fuel bum-up is then 100 GW d/ton-oxide Since the fissile fuel is internally regenerated
inside the bulk of the Thorium fuel, the properties of the fuel are far more constant than say in the case of
a PWR As shown later on, one can compensate to a first order the captures due to fission fragments,
operating initially with a breeding ratio below equilibrium All along the bum-up, the growth of the fissile
fuel concentration counterbalances the poisoning due to fission fragments Therefore neither re-fuelling
nor fuel shuffling appear necessary for the specified duration of the burn-up
No intervention is therefore foreseen on the fuel dunng the five years of operation, at the end of which
it is fully replaced and reprocessed Likewise in the "all-convective" approach there are no moving parts
which require maintenance or surveillance In short the EA is a large, passive device m which a proton
beam is dumped and the generated heat is extracted, without other major elements of variability
Safety and nuclear proliferation are universal concerns In the case of conventional Nuclear Power,
accidents have considerably increased the radioactivity exposure of individuals and the population [7] The
total nuclear power generated, 2000 GW x a, is estimated to have committed an effective dose of 400,000
man Sv from normal operation Accidents at Windscale, TMI and Chernobyl have added 2000, 40 and
600,000 man Sv respectively These types of accidents are no longer possible with the EA concept
Chernobyl is a cnticality accident, impossible in a sub-cntical device and TMI, a melt-down accident, is
made impossible by the "intrinsic" safety of the EA
' This choice is motivated by the relative novelty of the "all-convective" approach and the relative scarce experience
with ThOj, when compared with UO2
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A thermal run-off is the precursory sign of a number of potentially serious accidents. The present
conceptual design is based on a swimming pool geometry where the heat generated by the nuclear cascade
is extracted from the core by convection cooling, completely passive and occurring inevitably because of
temperature differences.Thermal run-off is prevented, since a significant temperature rise due for instance
to an insufficiency of the secondary cooling loop and of the ordinary controls will inevitably produce a
corresponding dilatation of the liquid Lead. Because of the slim geometry of the vessel, the level of the
swimming pool will rise by a significant amount (-21 cm/100 °C), filling (through a siphon) additional
volumes with molten Lead, namely :
(1) The Emergency B_eam J^ump Volume (EBDV), a liquid Lead "beam stopper" sufficiently massive
as to completely absorb the beam some 20 metres away from the core and hence bring the EA
safely to a stop. In the unlikely event that the beam window would accidentally break, molten Lead
will also rise, so as to fill completely the pipe and the EBDV, thus removing the incoming proton
beam from the core.

(2) A narrow gap normally containing thermally insulating Helium gas, located between the coolant
and the outer wall of the vessel, which in this way becomes thermally connected to the coolant main
convection loop. The outer wall of the EA will heat up and bleed the decay heat passively through
natural convection and radiation to the environment (RVACS) [11]. This heat removal relies
exclusively on natural convection heat transfer and natural draught on the air side.
(3) A scram device based on B4C absorbers which are pushed into the core by the liquid Lead
descending narrow tubes. These absorbers anchor the device firmly away from criticality.
These passive safety features are provided as a backup in case of failure of the active systems, namely
of the main feed-back loop which adjusts the current in order to maintain constant the temperature at the
exit of the primary cooling loop. Multiply backed-up but simple systems based on current transformers and
physical limitations in the accelerator (available RF power in the cavities, space charge forces, etc.) sharply
limit the maximum current increase that the accelerator can deliver. Were these methods all to fail, the
corresponding increase of temperature will dilate significantly the Lead, activating the ultimate shut-off of
the proton beam from the accelerator, the emergency cooling and the scram devices, before any limit is
exceeded in the EA.
Normally the EA is well away from criticality at all times, there are no control bars (except the scram
devices) and the power produced is directly controlled by the injected beam current. However in some
unforeseen circumstances the EA may become critical. In itself, this is not an unacceptable though
exceptional operation mode, provided the amount of power produced does not exceed the ratings of the EA.
Indeed even a quite large reactivity insertion is strongly moderated by the large negative temperature
coefficient (Doppler) of the fuel. Since the operating temperature of the fuel is relatively low, even a rapid
increase of the instantaneous power will increase the temperature of the fuel within limits, large enough,
however, to introduce a substantial reduction of k as to exit from criticality. The safety of multiplying
systems depends to a large extent on fast transients. A kinetic model dealing with fast transients due to
accidental reactivity insertions and unexpected changes of the intensity of the external proton beam shows
that the EA responds much more benignly to a sudden reactivity insertion than a critical Reactor. Indeed,
no power excursions leading to damaging power levels are observed for positive reactivity additions which
are of the order of the sub-criticality gap. Even if the spallation source is still active (the accelerator is not
shut-off), the power changes induced are passively controlled by means of the increase of the natural
convection alone (massive coolant response) thus excluding any meltdown of the sub-critical core.
Any very intense neutron source (2 1013 n/s) could in principle be used to produce bomb grade
Plutonium by extensive irradiation of some easily available depleted Uranium. This is true both for fission
and fusion energy generating devices. We propose to prevent this possibility by "sealing off the main
vessel of the EA to all except a specialised team, for instance authorised by IAEA. This is realistic for a
number of reasons. The energetic gain of the EA is almost constant over the lifetime of the fuel, though it
changes significantly after a power level variation. Convection cooling is completely passive and occurring
inevitably because of temperature differences. There are no active elements (pumps, valves etc.) which may
fail or need direct access to the interior of the main vessel. In addition the fuel requires no significant
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change in conditions over its long lifetime of five years, since the fissile material is continuously generated
from the bulk of Thorium. The only two maintenance interventions to be performed are the periodic
replacement of the beam window about once a year and the possible replacement of some failing fuel
elements, performed remotely with the pantograph. Both activities can be carried out without extracting
the fuel from the vessel. We can therefore envisage conditions in which the EA is a sort of "off limits blackbox" accessed very rarely and only by a specialised team, for instance authorised by IAEA. The ordinary
user (and owner) of the EA will have no access to the high neutron flux region and to the irradiated fuel,
a necessary step towards any diversion which may lead to proliferation or misuse of the device.
Proliferating uses of the fuel are further prevented by the fact that the fissile Uranium mixture in the
core is heavily contaminated by strong y-emitter ^'Tl which is part of the decay chain of 232U and by the
fact that the EA produces a negligible amount of Plutonium. As shown later on, a rudimentary bomb built
starting with EA fuel, in absence of isotopic separation, will be most impractical and essentially impossible
to use or to hide.
The EA can operate with a variety of different fuels. Several options will be discussed in detail in the
subsequent sections. A specialised filling can transform Plutonium waste into useful 233U, for instance, in
order to accumulate the stockpile required at the start-up of the EA. More generally one could envisage a
combined strategy with ordinary PWRs. Presently operating PWRs represent an investment in excess of
1.0 Tera dollars. It is important to make every possible effort in order to minimise their impact on the
environment and to increase their public acceptability. A specially designed EA could be used to (1)
transform Plutonium waste into useful 233U and (2) reduce the stockpile of "dirty" Plutonium waste. The
EA will be initially loaded with a mixture of Actinide waste and native Thorium, in the approximate ratio
0.16 to 0.84 by weight. Other Actinides, like Americium, Neptunium and so on can also be added. The
mixture is sub-critical and the EA can be operated with k = 0.96-0.98.

During operation, the unwanted actinides are burnt, while 233U is progressively produced. The freshly
bred 233U compensates the drop of criticality due to the diminishing and deteriorating Actinide mixture and
the one due to the build-up of Fission Fragments. A balanced operation over a very long burn-up of up to
200 GW d/t is thus possible without loss of criticality, corresponding to 5-10 years of operation without
external intervention. The fuel of the EA is then reprocessed, the 233U is extracted for further use. FFs are
disposed with the standard procedure of the EA. The remainders of Plutonium1 and the like, could either
be sent to the Geological Repository to which they were destined or further burnt in the EA, topped with
fresh Thorium. This combination of a PWR and an EA has several advantages:

1) It eliminates permanently some of the Actinide waste of the PWR reducing the amount to be stored
in a Geological Repository.
2) It produces additional power through the EA, thus increasing by about 50% the energetic yield of
the installation.
3) The amount of fissile Uranium, which is by weight about 80% of the incinerated Plutonium is a
valuable asset. It can be used either to start a new, Thorium operated, EA or it can be mixed with
depleted Uranium to produce more fuel for PWRs. As is well known, 233U is an almost perfect
substitute for B5U in a ratio very close to 1. The yearly Plutonium and higher Actinides discharge
of a typical = 1 GWe PWR operated 80% of the time is of the order of 300 kg, thus producing via
the EA 240 kg of 233U, which in turn can be used to manufacture = 8 tons of fresh fuel from
depleted U with 0.3% B5U and 3.0 % ^U. This is = 1/3 of the supply of enriched Uranium fuel
for the operation of the PWR.
We have also considered as an alternative a fast neutron driven EA operated on Plutonium only, namely
without Thorium. Similar schemes, though mostly operated with thermal neutrons are under consideration
1

The discharge after = 150 GW x d/t contains about 50% of the initial Pu, but is highly depleted of 23iTu (1/5) and
Pu (1/4), while other Pu isotopes are essentially unchanged. Am and Cm isotopes stockpiles are essentially
unchanged. Note that the Plutonium is "denatured" of the highly fissile isotopes, making it worthless for military
diversions.
241
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at Los Alamos [15], JAERI [16] and elsewhere [17]. Such potential devices require frequent refills and
manipulations of the fuel, since the reactivity of the Plutonium is quickly deteriorated by the burning and
choked by the emergence of a large relative concentration of FFs. At the limit one is lead to the "chemistry
on line" proposed by the Los Alamos Group [15]. Adding a large amount of fertile Thorium greatly
alleviates such problems and the device can bum Plutonium and the like for very many years without
intervention or manipulation of the fuel, since the bred 233U is an effective substitute to Plutonium to
maintain a viable and constant criticality. In addition FFs are diffused in a much larger fuel mass. Finally
the 233U recovered at the end of the cycle constitutes a valuable product.

In principle our method of a Th-Pu mixture could be extended to the operation of a Fast Breeder used
as incinerator [18], however, probably at a much higher cost and complexity due to the higher degree of
safety involved.
We have indicated Thorium as main fuel for the EA since the radio-toxicity accumulated is much
smaller than Uranium and it offers an easier operation of the EA in a closed cycle. But there are also
reasons of availability. Thorium is relatively abundant on earth crust, about 12 g/ton, three times the value
of Uranium [19]. It ranks 35-th by abundance, just after Lead [20]. It is well spread over the surface of the
planet. In spite of its negligible demand (= 400 t/y) the known reserves in the WOCA1 countries are
estimated [21] to about 4x10* tons (Table 1.1). Adding a guessed estimate from the USSR, China and so
on, we reach the estimate of perhaps 6 x 106 tons, which can produce 15,000 TW x a of energy, if burnt
in EAs, namely about a factor 100 larger than the known reserves of Oil or Gas and a factor 10 larger than
Coal. This corresponds to 12.5 centuries at the present world's total power consumption (10 TW).
There are reasons to assume that this figure is largely underestimated. Firstly the demand is now very
low and there has been very little incentive to date to search for Thorium "per se". Additional resources
of any mineral have always been found if and when demand spurs a more active prospection. The presently
exploited Thorium ores are richer, by a factor 10 4- 100, than the ones which are exploitable at a price
acceptable by market conditions applicable to the case of Uranium. In view of the small contribution of the
primary Thorium to the energy cost, one may try to estimate how the recoverable resources would grow if
exploitation is extended to ores which have a content for instance an order of magnitude smaller, i.e. similar
to the best Uranium ores. Such analysis has been performed for Uranium [22], assuming that the
distribution in the crust follows a "log-normal" (Figure 1.2) distribution. Other metals for which a better
mining history is known, show a similar trend, though the slope parameter may be different in each case
(Figure 1.3). In the case of Thorium, in absence of better information, we may assume the same slope as
in the case of Uranium. Then, a tenfold decrease in the concentration of the economically "recoverable"
ores2 would boost reserves of Thorium by a factor of 300, still a small fraction (3 x 10"5) of what lies in the
Earth crust. Reserves of Thorium energy would then be stretched to 4.5 million TW x a, corresponding
to ~ 2200 centuries at twice the present world consumption level which can be considered truly infinite
on the time scale of human civilisation 3.

Several other projects have sought the realisation of a "clean" Nuclear Energy. The project CAPRA
[23] focuses on the incineration of Plutonium in a Fast Breeder. On a longer time scale, Fusion holds the
promise of a "cleaner" energy. Amongst the various projects, Inertial Fusion offers the largest flexibility
in design of the combustion chamber and hence the best potentials of reduction of the activation effects due
to neutrons [24]. But neither inertia! nor magnetic fusion have so far achieved ignition4. We have compared
1

This stands for World Outside Centrally Planned Activities.
We remark that even this 10-fold decrease would make these minerals somewhat more concentrated than the 2000
ppm "high content ores" used today for Uranium.
3
In order to estimate the magnitude of the error in such a "prediction", we note that the somehow extreme cases of
Tungsten and of Copper have boost factors of 500,000 and 40 respectively. But even the lower limit of Copper
predicts z 300 centuries at twice the today's world consumption.
4
The project ITER is aimed at demonstrating Ignition in magnetically confined fusion, presumably 2005. The new
large megajoule range optical LASERs in development at Livermore and in France have the potential for ignition
with inertial fusion.
2
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Accumulated Activity after 4Q years of continuous Operation
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the activity of the remnants (Ci) of the EA
with the one of the CAPRA project and of
two of the Inertial Fusion concepts, namely
LIBRA [25] and KOYO [26] in which the
greatest care has been exercised to reduce
activation. In order to make the comparison
meaningful we have to take into account that
the published values of activation for fusion
are given in Ci after shut-down and 40 years
of operation. Therefore the activities quoted
for the fission case (CAPRA, EA) have been
normalised to the same scenario, namely
counting the total activity of remnants (sum
of all fuel cycles, in the case of EA
excluding recycled fuel) after 40 years of
continued,
uninterrupted
operation.
Activities have been normalised 1 GW of
electric power produced (Figure 1.4).
After the cool-down period in the
secular repository (= 1000 years) the activity
of the remnants (40 years of operation)
stabilises at levels which are: 1.7 x 107Ci
for CAPRA, 2.35 x 10" Ci for LIBRA, 900
Ci for KOYO and 1.3 x 104 Ci for the EA
without incineration. With incineration we
reach the level of 950 Ci, out of which about
one half is due to I4C. The activation for unit
delivered

power of the EA without

incineration is comparable to the one of
LIBRA concept whilst with incineration we
FIG. 1.4 Accumulated activity of Remnants as a function reach a level which is close to the one of
of the time elapsed after shutdown for a number of KOYO concept based on second generation
conceptual projects aiming at minimising the radio-active design of the combustion chamber. The
waste. CAPRA [23] is based on Fast-Breeders similar to expected doses after 1000 years of coolSuper-Phenix. LIBRA [25] and KOYO [26] are Inertial down from Magnetically Confined Fusion
Fusion devices (ICF). The EA concept with and without are typically three order of magnitude larger
incineration of long-lived FFs can reach a level of than the quoted values for Inertial
"cleanliness" which is well in the range of the best Fusion confinement due to substantial differences in
conceptual designs. Activities in Ci are given for 40 years the neutron spectra. This improvement is
of operation. According to Ref. [24] Magnetically confined mainly due to the moderation of neutrons in
Fusion in general produces activation which are up to three the blanket consisting of LiPb liquid
order of magnitude larger than ICF.
circulating through SiC tubes, before they
hit the first wall [24]. Therefore we conclude
that the EA concept can reach a level of "cleanliness" which is well in the range of the best Fusion
conceptual designs.

From the point of view of cleanliness, as well as for the other major goals — namely non-criticality,
non-proliferation and inexhaustible fuel resources — the EA matches fully the expectations of Fusion. But
like CAPRA — which however is about 1000 times less effective in eliminating radioactive remnants —
the EA has no major technological barriers, while in the case of Fusion, major problems have to be solved.
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TABLE I.I. THORIUM RESOURCES (IN UNITS OF 1000 TONS) IN WOCA (WORLD OUTSIDE
CENTRALLY PLANNED ACTIVITIES)1 [21]

Reasonably Assured

Additional Resources

Total

54
132
380
566

60
32
132
500
724

60
86
264
880
1290

700
128
2
295
1125

1
1306
173
3
432
191'5

Europe
Finland

Greenland
Norway
Turkey
Europe Total
America
Argentina
Brazil

Canada
Uruguay
USA
America total
Africa
Egypt

Kenya
Liberia
Madagascar
Malawi
Nigeria
South Africa
Africa total

1
606
45
1
137
790
15
no estimates
1
2
no estimates
18
36

Asia
India
Iran
Korea
Malaysia
Sri Lanka
Thailand
Asia total
Australia

6
18
no estimates
no estimates
343
19

Total WOCA

1754

280
no estimates
20
9
no estimates
no estimates
309

319
30
no estimates
no estimates
no estimates
30

2755

295
8
1
22

9
29
115
479

319
30
22
18
4
10
403
19

4106

'This compilation does not take into account USSR, China and Eastern Europe. Out of 23 listed
countries, six (Brazil, USA, India, Egypt, Turkey and Norway) accumulate 80% of resources. Brazil has the
largest share followed by Turkey and the United States.
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D.3.2. PHYSICS CONSIDERATIONS AND PARAMETER DEFINITION
D.3.2.1. SPATIAL NEUTRON DISTRIBUTION

While the neutron distribution inside a Reactor is determined primarily by the boundary conditions, in
the EA the geometry of the initial high energy cascade is dominant. The two spatial distributions are
expected to differ substantially. The flux distribution is of fundamental importance in order to determine
the generated power distribution and the uniformity of the burning of the fuel, both of major relevance
when designing a practical device.
We shall consider first, in analogy to a Reactor a simple, uniform fuel-moderator medium operated
away from criticality [27]. It turns out that in such "reactor like" geometry, the neutron flux non uniformity
associated to sub-critical regime1 may be so large as to hinder the realisation of a practical device. A
radically different geometry, described in paragraph D.3.2.2, can be used to solve this problem.
We neglect the fine structure of the sub-critical assembly and consider a fictitious material with uniform
properties. We assume no reflector and therefore the EA is a uniform block of specified size. The high
energy beam interacts directly with the fuel material. The basic diffusion equation for the neutron flux for
mono-energetic or thermal neutrons in a steady state is

DV2(f>-Sa(t>+S

=0

where S is the source term, namely the rate of production of neutrons per cm3 per second, Z)=Sv/3 S2is the
diffusion coefficient and S,S5 and Sa respectively the macroscopic total, elastic and absorption cross
sections, all homogenised over the fuel-moderator mixture. This formula is strictly applicable only to monoenergetic neutrons of velocity v and then only at distances greater than two or three mean free paths from
boundaries.

Let k. be the number of neutrons produced at each absorption in the fuel-moderator mixture. The
source term is decomposed in two parts, namely S=ka2,a<\>+C where the first term is due to fission
multiplication in the fuel and the second is the inflow of neutrons (per cm3 and second) emitted by the high
energy cascade. Upon dividing by D and rearranging terms the diffusion equation becomes

V2d)——'——$+—
D
L2
i\

=0

(1)

__

where Lc is equal to D/Sa. Boundary conditions are determinant. The neutron density at the outer boundary
of the medium is quite small. It cannot be exactly zero because neutrons diffuse out of the medium. In
analogy with Reactor theory [27] we shall use the boundary condition that at the extrapolated distance d
= 2/3S, from the boundaries of the medium the flux must vanish, 0=0.
In order to solve Eq. (1) we find it useful to introduce a new function \\i(x) where x=(x,y,z) which is
defined by the following differential equation, in which only the geometry of the device is relevant:

V2iff(x)

+ B2ifr(x)

=0

(2)

1

As shown later on, a subcritical device far from criticality has a neutron flux distribution which is exponentially
falling from the target region, while a critical reactor has the well known cos-like distribution. The exponential is
obviously falling very fast and the bum-up is therefore highly non uniform and concentrated around the beam area.
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The boundary conditions iftx) =0 at the extrapolated edges introduce a quantization in the eigen-values
of B2 and the corresponding eigen-functions ip(x). Therefore we have a numerable infinity of solutions.
For instance in the case of rectangular geometry, namely a parallelepiped with dimensions a, b, c and
origin at one edge, such as iftx) =0 for the planes x = a,x = 0, y = b, y = 0, and z = c, z = 0, we find

8 sin
. [ /. —
me sin
. m—jty
—
abc
a
b

Analogue expressions can be given for different geometries. The eigen-functions iftx) are normalised
to one and constitute a complete ortho-normal set. Hence it is possible to express any function as the
appropriate series of such eigen-functions, provided the boundary conditions are the same. In particular the
high energy neutron source C(x) produced by the beam interactions (zero outside, in order to satisfy
boundary conditions) is expanded to

volume

It is then possible to express the neutron flux as a series expansion with the help of Eq. (1) and of Eq.
(2):

= £

„ +r

where

^(a

r

=

L

Note that the only parameter which is not geometry related is F. The critical! ty condition can be
defined as a non zero flux for the limit of c/iiBi/l-0 . Therefore one of the denominators fi^ +F of Eq. (3)
must vanish, which of course implies F<0 or equivalently k^>\ . The smallest value of fi,^ and therefore
the smallest value of k_ which makes the system critical occurs for 1 = m = n = 1 , namely the fundamental
mode of Eq. (2). This result exhibits the well known sinusoidal distribution of the neutron flux of a Reactor
and the classic condition for criticality, k^-\ =B^L^, where 502 is the "buckling" parameter.

The significance of B^ is further illustrated if one considers the neutron absorption and escape rates
or probabilities for the mode i=(l,m,n), P^s and P®c respectively. Let us consider a case in which the i-th
eigen-mode of the wave function is dominant. It is easy to show that
p<0 _ p«

D

^esc ~ ^abs TT
L
a

R2
a

i

_ p (0 , 2 p 2
~ ^absLcKi

where LC is the (already defined) diffusion length. The (small) escape probability for each mode P® is
then simply equal to Bt in units of the inverse of the square of the diffusion length. Note that since B, is
a rapid rising function of the mode i, higher modes escape much more easily from the volume. Therefore
the containment of the cascade is improved if the source geometry is such as to minimise the excitation of
the higher eigen-modes.
This interpretation of fi,2 makes also more transparent the classic condition for criticality of a Reactor,
k^ - 1 =B0 Lc . Evidently in order to have criticality, the number of neutrons produced at each absorption k.
must exceed 1 precisely by P^L^B^ , the fraction of neutrons escaping the active volume. To extend this
formula to the EA it is then natural to introduce the mode dependent multiplication coefficient
k^k^-L^B? , in which the escape probability has been taken into account. In the case of the fundamental
mode, the corresponding fc-value has the classic significance of the Reactor Theory. This makes even more
transparent the significance of the denominator of Eq. (3), which becomes
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We can then re-write Eq. (3) as

l,m,n

l

~Ki^n

where the "(1-k) enhancement" of each mode is further emphasised. The formula can be used to readily
calculate the neutron flux distribution in the uniform EA starting from the known initial cascade
distribution.
In contrast with the case of the critical reactor in which only the fundamental mode is active, any
reasonable source configuration in an EA will excite a large number of different modes, each with its
different criticality coefficient k,. The neutron distribution will be wider than the source distribution only
because Btmn grows with increasing order and therefore expansion coefficients are indeed different from
cljnn. In general the distribution of neutrons inside a uniform medium operated as an EA reasonably far
from criticality will remain strongly non uniform. One can show that far from the source it decays
approximately exponentially rather than having the characteristic cos-like shape of a Reactor.

Since the neutron inventory is very critical, the neutron containment inside the EA must be as complete
as possible. Inevitably this implies a large fraction of the volume with a low neutron flux and hence with
a small specific energy production. An EA made of a uniform volume of fuel with the beam interacting in
the central region will therefore be highly impractical.
D.3.2.2. EA UNEFORMISATION WITH A DIFFUSIVE MEDIUM

One can overcome this difficulty by embedding discrete fuel elements in a large, diffusing medium of
high neutron transparency. In Figure 2.1 we show the capture cross sections at the typical energy of the
neutrons in the EA as a function of the element number. One can remark very pronounced dips, which are
due to the occurrence of closed shell in the nuclei. This is why their "nuclear reactivity" is minimal. These
dips are somehow the equivalent of the Noble Gases in the atomic shell structure. The unique properties
of the Lead and Bismuth are evident. The uniformisation of the fuel bum up is then ensured by the long
migration length of the diffusing medium. Since the present design of the EA is based on fast neutrons, the
medium must have also a very small lethargy, i.e. a high atomic number. Two elements appear particularly
suited: Lead and Bismuth. In general Lead will be preferable because of its lower cost, smaller toxicity and
smaller induced radioactivity. Both elements have the added advantage that the neutron yield of the high
energy beam is large: the same medium can therefore be the high energy target and the diffuser at the same
time.

While ^i is a single isotope, natural Lead is made of ^Pb (1.4 %), ^Pb (24.1 %), ^Pb (22.1 %) and
Pb (52.4 %), which have quite different cross sections. Isotopically enriched ^Pb would be very
attractive because of its smaller capture cross sections. However, we shall limit our considerations to the
use of natural Lead.
Assume a large, uniform volume made of Lead, initially without fuel elements. The proton beam is
arranged to interact in the centre, producing a relatively small, localised source of spallation neutrons. The
solution of the diffusion equation (Eq. (2) in the case of an infinite diffusing medium and a small source
of strength Q(n/s) is given by [27]:
208

Kr
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where D is the diffusion coefficient and K The reciprocal of the diffusion length with K2=Safcv/D. In the
case of Lead, D is very small (£>~A f /3 = 1.12 cm) and 1/K very large, about 1 metre, the exact values
depending on the energy dependent cross sections. Neutrons will then fill a very large volume of few I/K
units and they will execute a brownian motion, stochastically "stored" in the medium by the very large
number of diffusing collisions.
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2.1 Capture cross sections at 65 keV, as a function of the element number.

Spallation neutrons above a few MeV are rapidly slowed down because of the large (n,n') cross section.
Once below threshold (= 1 MeV), the well known slowing-down mechanism related to elastic collisions
takes over. The logarithmic average energy decrement for Pb and Bi is very small E, = 9.54x 10~3 and the
mean number of collisions to slow down the neutron for instance from 1 MeV to 0.025 eV (thermal
energies) is very large, ncoU = ln(l MeV/0.025 eV)/!; = 1.8 x 103 The elastic cross section, away from
resonances is about constant, around 10 b corresponding to a scattering mean free path of As = 3.38 cm
(700 °C). The total path to accumulate n^ is then the enormous path of 62 metres! The actual average drift
distance travelled is of course much smaller, of the order of 1 metre, since the process is diffusive.
During adiabatic moderation, the neutron will cross in tiny energy steps a resonance region, located
both for Pb and Bi in the region from several hundred keV to few keV. We introduce the survival
probability PS(E,, EJ, defined as the probability that the neutron moderated through the energy interval E,
- E2 is not captured. The probability that a neutron does not get captured while in the energy interval
between E and E + dE is [1 - (£ita/(£ab.+Lic)) (dE/EOl where Y,x and £,,,, are the macroscopic elastic
scattering and absorption cross sections. Evidently such probability is defined for a large number of
neutrons in which the actual succession of energies is averaged. Combining the (independent) probabilities
that it survives capture in each of the infinitesimal intervals, PS(E,, E2) is equal to the product over the
energy range:
£2
1E,
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J
S..,.
abs

dE

=exp

1

dE

where the resonance integral Ires is defined as

If the cross sections are constant, the integral is easily evaluated

PS(EVE2) = exp

which evidences the large enhancement factor due to the slow adiabatic process,
ln(E{/E^=l04.S ln(El/E2) with respect to a single scattering. For instance, if E,/E2=50, the effective value
of the absorption cross section Sflfcv is increased by a factor 410. The values of the resonance integral Ira
for the Lead isotopes are given in Table ELI for E,= 1.0 MeV and several final energies E2.
TABLE H.l. RESONANCE INTEGRAL ANDSURVIVAL PROBABILITY FOR LEAD AND
BISMUTH (E, = 1 MeV, T = 20 °C)
Element

204pb

206pb

207pb

208pb

NatPb

209

0.0781
0.0649
0.0607
0.0568
0.0287
0.0124

.00787

.0272

.000685

.00728

.0125

.000676

.0071

.00783
.00635
0.005
.00395

.000673
.000672
.000671
.000636

.00974
.00626
.00516
.00475
.00283
.0018

.00621
.0054
.00512
.00331
.00223
.00195

0.0578
0.269
0.440
0.514
0.582

0.930
0.931
0.931
0.931
0.932
0.935

0.360
0.519
0.582
0.607
0.743
0.828

0.521
0.567
0.584
0.706
0.791
0.815

Bi

Integral Ires
E2=l eV
E2=10eV
E2=100eV
E2=l keV
E2=10 keV
E2=100 keV
Surv.prob.,Ps(E,,E2)
E2=l eV
E2=10 eV
E2=100 eV
£2=1 keV

0.000278
0.00111
0.0017
0.0026
E2=10 keV 0.0494
E2=100 keV 0.272

.00706

.0065
.00435
0.438
0.466
0.475
0.477
0.506
0.633

0.661

Natural Lead and Bismuth have similar properties, while a pure 208Pb will be vastly superior. The
temperature coefficient of the survival probabilities is (slightly) negative, since Doppler broadening

increases the extent of the resonances. About 20% of the fission neutrons are absorbed in pure diffusing
medium before they reach an energy of 100 keV, which is the typical energy in a practical EA. In reality

the presence of a substantial amount of fuel in the EA will reduce such a loss: typically one expects that
about 5% of the neutrons will end up captured in the diffusing medium.
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Let us assume that a localised, strongly absorbing fuel element is introduced in the diffusing medium.
The effects on the flux due to its presence will extend over a volume of the order of the migration length,
as one can easily see describing the localised absorption as a "negative source". Hence one can in a good
approximation use averaged properties for a diffuser-fuel region.
In a fuel-diffuser mixture with a relatively small concentration r\ of fissile material, Sre=SJf whilst
Sab^r)2^'=t|(^'+2^')>>2ff. The survival probability is therefore strongly reduced, namely due to the
large probability of absorption in the fuel. Adding fuel elements in the otherwise "transparent" medium
makes it "cloudy". Evidently a large fraction of the absorptions will occur in the fuel even if in relatively
small amounts, because of the very high transparency of the pure medium.
Once the capture in the added materials becomes dominant, a larger fuel concentration with respect to
the diffuser concentration implies an earlier neutron capture and hence a higher average neutron energy.
This leaves a large freedom in the quantity of fuel to be used, depending on the power required for the
application. An analytical analysis of such a composite system is necessarily approximate, lengthy and
outside the scope of the present paper. For more details we refer to Ref. [28]. (The actual behaviour of some
specific designs will be derived with the help of numerical calculations).
The conceptual design of the diffuser driven EA consists of a large volume of diffusing medium in
which one can visualise a series of concentric regions around the centre, where the proton beam is brought
to interact (Figure 2.2):
Lead

reflector

FIG. 2.2

Fueland

breedln

region

S

Beam
Buffer
Spallation
region
target
region

Conceptual design of the diffuser driven EA.

i) A spallation target region, in which neutrons are produced by the high energy cascade initiated
by the proton beam. This region is made of pure diffuser. The proton beam is brought in through
an evacuated pipe and a thin window.
ii) A buffer region, again of pure diffuser in which neutrons are migrated and the energy spectrum
is softened by the (n,n') reactions. This ensures that the structural elements (fuel assembly) is not
exposed to high energy neutrons from the proton beam which may produce an excessive radiation
damage.
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i i)

A. fuel region in which a series of discrete fuel elements are widely interspersed in the diffusing
medium. The outer part of the fuel region can be loaded with non-fissile materials to be bred
(breeder region).

vi) A reflector region made of pure diffuser, with eventually an outer retaining shield, which closes
the system, ensuring durable containment of neutrons.
In order to ensure appropriate containment, the Lead or Bismuth volume must be of the order of
2000-=-3000 tons, arranged in a sort of cylinder or cube of some 6 m each side. Since the neutron
containment is essential, this order of magnitude of diffuser volume is required in all circumstances. The
amount of fuel to ensure dominance of the capture process needs instead to be much smaller. A realistic
EA is already possible with 6-7 tons of fuel, corresponding to a ratio fuel/diffuser t| z 2.5 10"3. On the other
hand larger fuel amounts are possible for large power applications. From the point of view of the
neutronics, r| < 0.01 is ideal. The neutron leakage out of the diffuser is then typically less than 1% and the
fraction of captures in the Lead nuclei of the order of 4 H- 6%, i.e. much smaller than in the case of a pure
diffuser.
D.3.2.3. NUMERICAL EXAMPLE OF SPATIAL DISTRIBUTIONS

In order to evaluate the actual neutron flux distribution in practical cases, analytic calculations are
either too approximate or too cumbersome. It is preferable to use the Montecarlo computer method
described in paragraph D.3.2.6. The burn-up radial distribution for three different values of k and a typical
EA geometry1 of Figure 2.2 has been calculated with the full Montecarlo method (see paragraph D.3.2.6)
and it is shown in Figure 2.3. The value of k has been varied changing the pitch of the hexagonal fuel lattice
and hence the fuel density. One can see clearly how the neutron flux distribution changes from exponential
for k = 0.95 (pitch 1.40 cm) to an almost perfect cos-like distribution for k = 0.99 (pitch 1.138 cm),
indicating the emerging dominance of the fundamental mode. At k = 0.98 (pitch 1.243 cm) which is the
chosen working point for our conceptual design, one is somehow in a transitory region. The concavity of
the curve passes through a zero and a linear fit is a good approximation.
A number of different machine geometries have been explored in order to assess the effects of higher
modes in a more general way. In general one can say that lowering the k produces a faster decay in the
exponential mode, in agreement to what is found in the elementary theory. The actual transition value of
k from pure exponential to linear and eventually to cos-like depends on the geometry of the spallation
source and of the core. A geometry with several spallation sources (beams) or a widely diffused source can
be beneficial in order to improve the uniformity, especially if the source distribution follows a symmetry
pattern such as to cancel the contribution of the most offending higher modes.
D.3.2.4. FUEL BREEDING

For many reasons illustrated for instance in Ref. [1], the by far preferred fertile material is 232Th,
although applications based on other Actinides are of interest for burning Plutonium, depleted Uranium
and similar surpluses. Neutron captures in the fertile element lead to production of fissile material. The
main chain of events for 232Th is then

' The outer radii are as follows: Spallation Target and Buffer: 40 cm, Main core and Breeder : 1.67 m. The height
of the core is 1.5 m and the containment box a cylinder of 6 m diameter and 6 m high. The fuel is a compact

hexagonal lattice with fuel pins as described in Table IV.4. The fuel is made of Th02 with 10% by weight of 233UO2.
The cladding is made of HT-9, low activity steel.
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FIG. 2.3a The burn-up radial distribution for different criticality coefficients, namely for
(a) for k=0.99, (b)for k=0.975 and (c)for k=0.950. Open points have not been included in
the fits.
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FIG. 2.3b k=0.975 - see caption for Fig. 2.3 a.
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FIG. 2.3c k=0.950 - see caption for Fig. 2.3 a
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In steady neutron flux conditions, the chain will tend to an equilibrium, namely in a situation in which
each fissioned 233U nucleus is replaced by a newly bred fuel nucleus. To a first order, the equilibrium
condition can be summarised by the equations:

(232Th)<ft=N(233PaVT(233Pa

233

U)=N(233U)aflss ,

where cross sections are averaged over the neutron spectrum of integrated flux <f). Such a "breeding"
equilibrium is naturally attained with a specific value of the fuel/breeder concentration ratio determined
solely by the ratio of cross sections
/•232

N(2i2Th)

77i)

/233

U)

This equation assumes no alternatives besides the main chain, justified as long as the rate of neutron
captures by B3Pa competing with natural decay is kept negligible with a sufficiently low neutron flux. This
is the "decay dominated" regime [1] in contrast with the high flux, "capture dominated" regime investigated
by Bowman et al [15] where the B3Pa must be quickly extracted to avoid capture.

The breeding ratio at equilibrium is about f=1.35xlO"2 for thermal energies and it rises to f= 0.126
for fast neutrons and cross sections of Table H.2. An EA based on fast neutrons (F-EA) will then require
a fuel concentration which is about nine times the one of a device based on fully thermalised neutrons
(T-EA). However, it can operate with much higher bum-up rates and hence the total mass of fuel is
correspondingly reduced: for the same output power, the stockpiles of 233U are in general comparable.
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During the actual bum-up of the fuel following an initial fuelling, the equilibrium equation above is
only approximately attained, since the concentration of the bulk, fertile material is decreasing with time.
Solving the related Bateman equations with an initial breeding material exposed to a constant neutron flux
shows that correction terms have to be introduced to the asymptotic value of the breeding ratio1:
a

+
f

" So

"

The first correction is negligible for a T-EA, but it increases significantly (by 10%) the breeding
equilibrium of the F-EA. The second, flux dependent term is smaller but not negligible (A£"= 0.31 x 10"3
for a burn-up rate p = 60 W/g and cross sections of Table n.2) and it compensates partially the flux
dependent losses due to captures of the intermediate state 233Pa.
The energetic gain G, namely the energy produced in the EA relative to the energy dissipated by the
high energy proton beam is given by the expression [1]

o = —
G = ——
where G,, is the gain proportionaJity_constant, typically 2.4 •=- 2.5 for a well designed EA; k is the fissiondriven multiplication coefficient k =rj(l -L)/2; L is the sum of fractional losses of neutrons (absorbed in a
variety of ways, like captures in structures and coolant, in fission-product poisons, diffused outside the EA
and so on); 77 is the (spectrum averaged) number of fission neutrons produced by a neutron absorbed in
the fissile isotope2. The parameter rj(E) has a rather complicated neutron energy dependence, with a
somewhat lower value in some parts of the resonant region, before rising to larger values for fast neutrons.
As is well known, in order to achieve criticality the denominator must become zeio,_tj =2(1 -L). More
precisely, criticality is achieved when neutron losses are reduced to the value Lcrit =1 -2/rj. Note that since
L > 0 in order to reach criticality 77 >2, one neutron being required to maintain the chain reaction and the
second being absorbed by the fertile material.
The F-EA has the advantage, when compared to a T-EA that it operates in a region where 77 is
significantly larger. In addition because of the higher energies, additional neutrons are produced at each
generation by different processes, like for instance fast fissions in the fertile material 232Th and (n,2n)
reactions in the fuel and_the moderator. In order to take into account these contributions it is customary to
replace the parameter 77 with 772 where e (fast fission factor) is the ratio of all neutrons produced to the
ones from the main fission reaction. For a F-EA we expect Tje =2.4-2.5, conveniently and significantly
larger than 2 and larger than rje =2.1 "2.2 [2] appropriate for a T-EA. The larger allowance for losses
(f.i.Lcr(/ =1 -2/T)£ =0.167-0.200 vs. Lm,=0.048«0.091)is an important asset of the F-EA, even if operation
is always with L>Lcra. As discussed in more detail later on, these extra neutrons do not necessarily have
to be thrown away: they may for instance be used to breed additional fuel or to eliminate radiotoxic sub1

In our (reatment we do not include the captures in 233Pa, which of course are also a rate dependent effect. These
losses are instead counted in L.
2
This equation is easily worked out realising that at the breeding equilibrium the number of neutron captures in ^"U
and in H:Th at each generation must be the same and normalised to 1 neutron are equal to (l-L)/2, since, by neutron
conservation, [captures in mU\ + [captures in ^^Th] + [Losses]= 1 = (l-L)/2+(l-L)f2+L = 1. As the number of next
generation neutrons r|(l-L)/2 generated by ^'U fissions is also, by definition, the multiplication coefficient k, we
conclude that k = n.(l-L)/2.
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TABLE E2. AVERAGED CROSS SECTIONS (BARN) OF ACTINIDES RELEVANT TO THE FAST
EA.

Element

Capture

Fission

Elastic

(n->2n)

(n->n')

Total

230

0.198672
0.386855
3.309176
1.121638
0.731903
0.289003
0.615564
0.574071
0.490142
0.492199
0.428265
1.674921
0.089278
2.083201
0.756840
0.557041
0.667103
0.425030
0.535288
0.403097
0.236048
1.963967
0.079728
1.582431
0.372092
0.265210
0.909153
0.335178
0.230261
0.348536
0.265514
1.447988
0.667223
0.614795
0.368920
0.320039
0.180410

0.018918
0.005966
0.179791
0.038989
2.096317
2.783923
0.248950
1.972008
0.068786
0.610042
0.025351
0.233176
0.595202
0.353837
1.025175
1.780516
0.288079
2.577470
0.190578
0.810772
0.157011
0.190469
0.530819
0.146245
0.105767
2.655223
0.318102
2.475036
0.181669
1.926754
0.218438
0.113146
2.707975
0.944213
2.488528
0.573875
0.716114

14.060925
10.923501
9.133289
8.093003
9.368297
8.919141
10.031339
8.858968
11.125422
9.189025
11.254804
9.157094
10.439487
9.184162
11.046388
9.156214
10.331735
8.104389
11.024648
9.283313
10.805879
9.580900
10.233513
10.003948
10.362508
10.012800
10.515990
8.750109
10.844025
9.117731
11.295776
10.220059
9.064980
8.927651
8.815815
11.865360
9.940411

0.000598
0.000560
0.000398
0.000162
0.000281
0.000211
0.000054
0.000457
0.000294
0.000920
0.000529
0.000115
0.000000
0.000135
0.000152
0.000237
0.000083
0.000880
0.000229
0.002254
0.000808
0.000004
0.000462
0.000028
0.000007
0.000456
0.000135
0.000831
0.000174
0.001353
0.000234
0.000052
0.000189
0.000406
0.001573
0.000335
0.000000

0.989135
0.699221
1.110933
1.754808
0.433875
0.280445
0.718069
0.640860
0.855951
0.491900
0.832077
0.759934
0.000000
0.865835
0.342888
0.770227
0.573045
0.801986
0.667679
0.623218
0.813081
0.565741
0.073528
0.935282
0.724242
1.005476
0.540912
0.862513
0.780190
0.372127
0.813142
1.186927
0.425589
0.468860
0.417832
0.414425
0.000000

15.268245
12.016131
13.733619
11.008615
12.630690
12.272738
11.613976
12.046378
12.540620
10.784104
12.541045
11.825250
11.123966
12.487206
13.171463
12.264245
11.860045
11.909761
12.418422
11.122661
12.012833
12.301095
10.844059
12.667938
11.564615
13.939172
12.284297
12.423669
12.036336
11.766518
12.593122
12.968192
12.865973
10.955943
12.092679
13.174031
10.836935

Th

232Th

231

Pa
Pa
232
U
B3
U
233

2
*u
235
u
236
u
237

u

238u

B7

Np
Np
239
Np
238
Pu
"'Pu
240
Pu
241
Pu
M2
Pu
M3
Pu
^Pu
'"Am
M2
Am
^Am
M2
Cm
M3
Cm
^Cm
^Cm
^Cm
247
Cm
"'Cm
M9
Bk
238

249Cf
250Cf

251

Cf
Cf
253
Cf
252
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stances [6]. It is also convenient to start operation of a F-EA with a B3U concentration smaller than the one
corresponding to the breeding equilibrium. During operation, the increase of criticality due to the build-up
of the ^U relative concentration can be used to compensate growing neutron losses due to captures by
fission fragments, thus ensuring a more uniform gain during a longer period of operation without
interventions.
D.3.2.5. FLUX DEPENDENT EFFECTS

It has been pointed out [1] that there are sharp limitations to the neutron flux at which an EA can
operate in acceptable conditions. The power produced is directly proportional to the neutron flux. We
define with p the specific power, in units of thermal Watt produced by one gram of Thorium in fuel1. At
the breeding equilibrium the fluxes for thermal and fast neutrons are given by
=

l-80xlO' 2 x

W/g

cm'V

; (pfast = 3.88xlO I3 x

W/g

cm -2..-1
s

where for the latter we have used the cross sections of Table H.2. Let us estimate some orders of magnitude.
For thermal neutrons (E = 0.025 eV), a power of p = 15.0 W/g corresponds to a flux (J> = 2.7 x 1013 cm'2
s"1, which is considered optimal for a T-EA [1]. In practice the flux in a T-EA will depend somewhat on
the energy spectrum of the neutrons, which in turn depends on the operating temperature of the device and
on the choice of the moderator. For the same power yield, the neutron flux in a F-EA is approximately 20
times larger. As is well known, it simply reflects the fact that at higher energies cross sections are generally
smaller. A practical bum-up rate of a F-EA is about p = 60 W/g : the flux will then be (p = 2.33 x 10IS cm"2
s"1, about 80 times larger than the one optimal for a T-EA.
There are several flux dependent effects which have a direct influence on the value and the stability
during operation of the multiplication factor k, and hence on the gain:
1) Neutron capture by the intermediate elements of the breeding process and specifically by the "'Pa
which destroys a nascent 233U atom at the price of an extra neutron. Such a loss involves a competition
between neutron capture and radioactive decay, and it is proportional to the total flux <J> through the
parameter AA,=oa(233Pa) x T( ™Pa~233U) x <f> «1 where T is the mean life. The absorption cross
section aa( 233Pa) is about 43 b at thermal energies, it has a resonance integral of 850 b and it is equal
to 1.12 b for fast neutrons (Table H.2). The corresponding value for a T-EA is /U,~7.45x70"'V,
corresponding to a contribution to L of AL=(1 -L)t|eAA,/2=3.78x 10~3 for the typical flux of 2.7 x 1013
cm"2 s"1. For fast neutrons the cross section is much smaller but the flux is correspondingly larger: for
a given bum-up rate p, AA, is 0.56 times the value for thermal neutrons. Note however that the
allowance for neutron losses is much greater for the F-EA and therefore larger bum-up rates are
practical: for p = 60 W/g, AA, = 8.81 x 10"3 which is quite acceptable.

2)

A consequence of the relatively long mean life of 233Pa (1/e decay after t = 39 days) is that a
significant reactivity increase occurs during an extended EA shut-down. Conversely, any prolonged
increase in bum-up rate produces a temporary reduction of reactivity until the 233Pa inventory has been
re-established. The magnitude of such a reactivity change following a shut-down need not be a
problem, but appropriate measures would be required to correct its effects. The density of 233Pa is
given by

= (l+<r)r (-33Pa->233£
where a is the ratio of the non-fission (n,v) to fission reactions and the last term A^(233(/)oyii.v(233f/)<{)
1

In this chapter we define the power density with reference to the main Thorium content, unlike the rest of the paper
where we have taken as reference the unit weight of the actual chemical mixture of the fuel.
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is directly proportional to the 233U bum-up rate, p. If the accelerator beam is shut down, following the
characteristic decay lifetime T(233fa-233C/). tne concentration of 233U will increase by an amount
asymptotically equal to N(n3Pa), essentially independent of the mode of operation of the EA for a
given equilibrium bum-up rate. However since in the case of the F-EA the equilibrium concentration
£ of ^U is about nine times larger, its effect on reactivity max(Ak/k) = N(233Pa)/N(233U) will be only
1/9 of the one for a T-EA. For the chosen examples of burn-up rates, max(Ak/k) ~ 5.2 x 10"2 for the
T-EA and only ma\(Ak/k) ~ 2.08 x 10'2 for the F-EA, in spite of the factor four in p in favour of the
present option.
3)

Neutron losses due to the high cross section fission product 135Xe are well known [29]. The Xenon
poison fraction is neutron flux dependent, since it relates, like in the case of 233Pa to an equilibrium
between captures and decays. For thermal neutrons and at the breeding equilibrium, the fraction of
neutrons captured by 135Xe is given by A^O^xlCT'V/ (2.1xlO"5+3.5xlO"180)which tends to an
asymptotic value AX3=0.021 for a flux (f> ~ 2.1 x 1013 cm"2 s"1. Following a reactor shutdown or
reduction in power, the Xenon poisoning temporarily increases even further [29] because decays
producing Xe continue to occur, passing through a maximum 10 to 12 hours after the shutdown. The
magnitude of this transient additional poisoning is also dependent on the neutron flux. Although the
temporary loss is not significant, a reactivity reserve, if normally compensated by control rods, would
represent a permanent loss of neutrons. The Xenon type poisoning effect is essentially absent in the
case of F-EA, since there is no fission fragment nucleus which has the required features in the energy
domain of importance.

As one can see in a F-EA the importance of these effects is much smaller. The estimated effects at the
bum-up rate p = 60 W/g are given in Table H.3.
TABLE H.3. NEUTRON FLUX DEPENDENT EFFECTS IN THE F-EA BASED ON THE 232Th
CYCLE. THE PARAMETER p IS THE POWER DENSITY PRODUCED PER UNIT FUEL MASS AT
BREEDING EQUILIBRIUM.
Quantity

Values for p = 60 W/g

Ratio N(233Pa)/N(233U)

0.0208
+ 0.388 x 10'3

Variation of the breeding ratio, £
Neutron Flux cm'2 s"1

2.33 x 1015

Effects of 135Xe, 149Sm, etc.

Max(Ak)
233

Breeding loss due to premature capt. in Pa
233

Criticality rise after 10 days shut-down ( Pa)
233

Criticality rise after infinite shut-down ( Pa)

Ak

- 0.00480

Ak

+ 0.00413

Max(Ak)

+ 0.0203

The reactivity increase due to 233Pa decays is quoted for a 10 day cooling period, since such a time is
largely sufficient to overcome any imaginable technical problem, assuming that the "scram" system fails
in blocking the reactivity. The most direct consequence of this fact is that a larger value of k is operationally
conceivable, with a consequently higher energetic gain, (see paragraph D.3.2.6). As discussed further on,
the temperature coefficient of Criticality is negative, corresponding to Ak = +0.01 for a temperature drop
of 700 °C. Adding linearily the effect of such a large temperature swing to the 10 day intervention limit
suggests that the largest, practical maximum value of operational reactivity of a subcritical F-EA is about
k < 0.98. It should be noted however that already for k = 0.96 the recirculation power through the
accelerator is less than 10% of the delivered, useful electric power.
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D.3.2.6. COMPUTING METHODS
The exact definition of the parameters of the F-EA implies an appropriate account of the resonance
or otherwise complex energy behaviour of the cross sections of the many elements which intervene in the
cascade reactions.
As in Ref. [1] we have adopted a Montecarlo method in which a large number of individual neutrons
are followed from their birth to absorption. We make use of the concept of neutron generation and
introduce the effective multiplication coefficient k^, the fraction of neutrons which are regenerated at each
generation. Both fissions and (n, 2n) reactions are considered. Cross sections are finely interpolated from
the most complete sets of cross section data available today [30] and include all main channels, like for
instance inelastic (n,n') scattering. Thermal movement of the target nuclei (Doppler broadening) is included
in the simulation.

The elementary structure of the EA is subdivided in a number of different regions, which reflect the
geometrical properties of the device. The composition of each of these regions is allowed to change as a
function of time taking into account the changes in concentrations of the newly produced elements due to
(1) the nuclear transformations and (2) the spontaneous decay chain. A complete database of all known
elements with their decay modes and rates is used [31] and new elements are introduced to the list
whenever a decay or a reaction channel justifies it.
Particular attention has been given to fissions, since they are the dominant, driving process for the
multiplication. The energy dependence of the neutron multiplicity has been parametrized from existing data
[30].
One important feature of the programme is the one of calculating the evolution of the (poisoning)
fission fragments. In order to do so effectively many hundreds of different elements must be followed
during the calculations. This very complete method of simulation has been made possible only recently due
to the availability of more powerful computers. It is still somewhat limited in the statistical accuracy due
to lack of computing power [32].
In practice, the computer programme requires that one defines the different geometrical regions, their
initial composition and their operating temperatures. One has to define then the scale of time and of
reaction activity. The programme then calculates the time evolution of the system — based of course on
a much smaller random neutron population but with changes of concentrations scaled to the actual flux —
and calls on further elements whenever required. The calculation can be coupled with a Montecarlo
programme which simulates the high energy cascade. Hence the Montecarlo emulates the whole process
initiated by an incoming beam of specified characteristics. More often it is used as a stand-alone module
to determine the multiplication coefficient kcff, starting from an initial spectrum due to fission neutrons.
The Montecarlo method has the advantage over other methods that in principle it provides a very
realistic evolution of the system. However the computing time is long and the results affected by statistical
errors. Therefore it has been coupled with another, simpler evolution programme, which permits a faster
exploration of the main features of an EA. This programme makes use of some of the information from the
full Montecarlo, namely

1) the averaged cross sections for all relevant elements are extracted as the average over the energy
and the fuel volume of the flux as computed by the Montecarlo. Since (see paragraph D.3.2.2) the
flux is rather uniform over the fuel elements, the spatial average is a good approximation. The
averaging over energy may introduce some approximations in presence of strong resonances,
where the flux may be locally affected. The extent of this approximation has been checked
comparing true Montecarlo with the evolution programme and found acceptable for our purposes.

2) the parameter L, namely the sum of fractional losses of neutrons (absorbed in a variety of ways,
like captures in structures and coolant, diffused outside the EA and so on) is divided into two
components, namely a term which is constant, but geometry dependent and another (mainly due
to fission-product poisons, spallation and activation nuclei etc.) which is linear in the bum up.
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This parametrization is in excellent agreement with the Montecarlo results. Actual values to be
used in the evolution programme are fitted from the Montecarlo simulation. Hence they take into
account all burn-up dependent neutron losses.
The time evolution in a slab of material subject to a neutron flux and with spontaneous decays cannot
be calculated following the classic Bateman evolution equations [33]. This is due to the fact that the
Bateman's description assumes an open, successive chain of decay nuclei, eventually leading to the final
stable isotopes, namely a specific path in the (A,Z) plane. Under the simultaneous action of neutrons and
decays, nuclei can both rise (neutron induced reactions) and fall in the atomic A, Z number (spontaneous
decays). Hence the decay paths in the (A,Z) plane perform loops which may bring back the same nucleus
an arbitrary number of times and imply products of an infinite number of terms, although with a decreasing
probability. For this reason our time evolution programme is based on numerical step-wise methods. In our
analysis both programmes are used and give consistent results. Furthermore the neutron flux and criticality
predicted by the Montecarlo programme is in good agreement with the results of standard, non evolutionary
programmes [34].
D.3.2.7. CUMULATIVE FISSION FRAGMENT POISONING

One of the most serious limitations in the T-EA comes from the losses of neutrons due to slowly
saturating or non saturating fission fragments (FFs). In contrast to I35Xe and 149Sm, which have a very large
neutron cross section and therefore reach saturation in a short time, the majority of the fission products have
cross sections which are comparable or smaller than the one of the fuel itself. Hence the aggregate
poisoning effect of such fission products is roughly proportional to the fractional burn-up of the fuel. The
accumulated effect depends significantly on the past history of the fuel. Computer calculations have been
used to analyse the poisoning as a function of the integrated burn-up for a variety of different conditions.
One important result is that losses due to fission fragment poisoning are much less important for a FEA, when compared to a T-EA (Figure 2.4). In both cases however the build up of FFs implies a
progressive reduction of criticality.
An important feature of the F-EA is that it is possible to operate the device for a long time (several
years) without intervention on the fuel. In order to enhance such a feature we have investigated the
possibility of starting with a ^"U concentration smaller than at the breeding equilibrium £ and thus
compensate as much as possible the drop of criticality due to fission fragment poisoning with the help of
the increasing fraction of bred ^U.
In Figure 2.5 we have considered with the help of the evolution programme the criticality coefficient
k for the EA device described in paragraph D.3.2.3 as a function of bum-up for a constant neutron flux and
given initial 233U concentration. Since the neutron flux will in practice depend on time, the criticality
coefficient will be slightly affected also by the dependence of the 233Pa concentration with flux. The initial
criticality coefficient is adjusted "ad hoc" to k = 0.965 by slightly increasing the neutron losses L. The
initial filling of ^U is set to f=0.117, significantly lower than the breeding ratio at equilibrium. The graph
shows three different fluxes and hence power yields, p. The general behaviour of the curves shows an
initial drop related to ^Pa production, followed by a rise due to the increment of £"due to breeding. Fission
fragment captures eventually become important and bring down k. A higher p gives lower k values since
early captures in 233Pa reduce the breeding yield. Curves without fission fragment poisoning are
alsoshown.One can conclude that (1) a very smooth running is possible up to a burn up of the order of
150 GW d/t, essentially without intervention and (2) a power yield of the order of p = 100 W/g is perfectly
acceptable1. An extended shut-down will move to the curve for p - 0, still sufficiently far away from
criticality. Of course, as already pointed out, in view of the long 233Pa lifetime, there is plenty of time to
introduce corrective measures.
1

Note that in the present design, we have conservatively set the power density to about one half of this value.
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FIG. 2.4 Fraction of neutrons capture by the fission fragments as a function of the
integrated burn-up, for thermal and fast EA.
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FIG. 2.5 Criticality coefficient k as a function of the integrated bum-up for different
power yields. The effect on k due to the neutron captures by the fission fragments is also
shown.

For a fixed beam power the flux is time dependent, and will vary proportionally to gain. Since gain
is related to the B3Pa concentration and in turn to its capture probability, the dependence of fc as a function
of burn up is even smoother. In Figure 2.6 we show the typical k behaviour for a somewhat larger initial
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FIG. 2.6

Behaviour ofk as a function of the integrated burn-up.

value of k. Almost constant conditions can be ensured without intervention over a burn up of 100 4- 150
GW d/t, namely over several years.
D.3.2.8. HIGHER URANIUM ISOTOPES AND OTHER ACTINIDES

Higher Uranium isotopes and higher Actinides are produced by successive neutron captures. The time
evolution of an initially "pure" 232Th and a3U fuel mixture can be easily calculated and is given in Ref. [1]
for a T-EA. The build-up of the several isotopes introduces more captures and some fissions. Hence in
principle the multiplication coefficient k is also modified. It was shown in Ref. [2] that the asymptotic
mixture preserves an acceptable value of k for initial U2Th both in thermal and fast neutron-conditions,
while for initial 238U only fast neutrons preserve an acceptable gain.
In the EA the initial fuel is completely burnt in a closed, indefinite cyclic chain in which Actinides
of the spent fuel become the "seeds" of the next fuel cycle [1]. At each discharge an appropriate amount
of fresh fuel is added to compensate for the bum-up and the accumulated nuclear species, products of the
fission (fission fragments, FFs) are removed. The initial fuel nuclei (either Th232 or U238 or eventually a
mixture of both) undergo a series of transformations induced by neutron captures and spontaneous decays,
until they achieve ultimate fission. The first of these transformations is the initial "breeding" reactions
which continue to be the dominant source of fissions (B3U or ^'Pu respectively) even after a long burn-up.
However a rich hierarchy of secondary processes builds up at all orders. These secondary processes become
essential in determining the atomic concentration vector c(A^ of Actinides and hence the neutron economy
of the cascade. For stationary conditions the atomic concentration vector c(AX>(<p) tends asymptotically, (i.e.
after long bum-ups) to a limiting equilibrium value.
In order to estimate the actual evolution of c(A^(<p) we have studied the time evolution of some fuel
exposed to the average flux of an F-EA with the help of the evolution programme and using the cross
sections of Table n.2. Results have been checked with the full Montecarlo programme. The chain of many
successive re-fillings has been simulated. Although the results are widely independent of the power density,
for definiteness the value p = 100 W/g has been used. After a pre-assigned bum-up of 150 GW d/t,
Actinides are discharged and the fuel topped-up with fresh 232Th. Since the amount of fuel burnt is not
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negligible the stockpile of 233U is affected by the over-all reduction of the fuel mass, even if the relative
concentration with respect to 232Th has remained constant (at the breeding equilibrium) or significantly
increased (if initially below the breeding equilibrium). It is therefore necessary in general to add to the
renewed fuel an amount of 233U which is larger than what is recovered at the discharge. For this reason a
small breeder section has to be added to the EA: initially made of pure Thorium, it is designed to supply
such a needed difference. The total 233U stockpile as a function of bum up has been calculated with the full
Montecarlo for the geometry given in paragraph D.3.2.3 and shown in Figure 2.7. With the help of such
an extra breeding, it is realistic to expect that the initial volume of 233U can be made available at the end
of the cycle. Therefore in our simulation of the evolution of c(A^(<p) we assume that both 232Th and ^U
are topped up to the initial values at each filling. The new fuel will contain in addition all the remaining
Actinides produced by the previous combustion.
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FIG. 2.7

U stockpile as a Junction of the integrated bum-up.

In Figures 2.8a, 2.8b and 2.8c we show the Actinide distribution at discharge, as a function of the
discharge number. The relative concentrations are listed in Table n.4. All elements clearly reach an
asymptotic concentration, in which production and incineration are in equilibrium. Concentrations of higher
actinides tend to a stable equilibrium condition which is a fast decreasing function of A and Z. This is due
to the fact that almost at each step of the neutron induced evolution ladder, fissions subtract a significant
fraction of nuclei. The most offending isotopes, because of their amount and their radio-toxicity, namely
B1
Pa and 232U are practically close to the asymptotic values of 1.06 x 10"4 and 1.30 x 10^ already at the first
discharge. Note also the large concentration of 234U which quickly reaches an asymptotic concentration
which is about 38% of 233U. The Uranium composition at (asymptotic) discharge is therefore 9.354 x 10"4
of ^U, 63.88 % of ^U, 24.12 % of ^U, 5.870 % of B5U, 6.01 % of 236U and 1.03 x lO^of BBU, which
constitutes about 14% of the spent fuel mass. Likewise the Neptunium and Plutonium, produced in
negligible amounts during the first fillings grow to asymptotic values of 0.2% and 0.1 % respectively.
Plutonium is dominated by the isotope 238Pu which has the short half life of 87.7 years and therefore has
no practical military application. Higher Actinides, Americium and Curium, never reach concentrations
of significance. Note that for instance after 20 refilling the fuel seeds have produced an integrated burn up
of the order of 3000 GW d/t and therefore these contaminating amounts, once normalised to the produced
energy are totally negligible. For instance the Plutonium concentration at the discharge of an ordinary PWR
is about 1.1 % for 33.0 GW d/t. The amount of transuranic Actinides produced per unit of energy delivered
is about three orders of magnitude less than in an ordinary PWR.
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We have compared the evolution of k as a function of burn-up obtained with the simple evolution
programme and the "exact" calculations of the Montecarlo programme. As shown in Figure 2.9, the
agreement is excellent.
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TABLE H.4. RELATIVE CONCENTRATIONS OF ACTINIDES AT THE DISCHARGE AFTER 150
GW d/t OF BURN UP. THE POWER DENSITY WAS p = 100 W/g, CORRESPONDING TO A CYCLE
OF ABOUT 5 YEARS. CONCENTRATIONS ARE NORMALISED TO THE FUEL MASS WHICH IS
MADE OF CORRESPONDING OXIDES.
Element

First discharge 5th discharge 10th discharge 15th discharge

Asymptotic
limit

23C

th

1.408E-7

1.378E-6

2.586 E-6

3.271 E-6

3.642 E-6

232Th

7.637 E-l

7.637 E-l

7.637 E-l

7.637 E-l

7.637 E-l

23,pa

9.246 E-5

1.055 E-4

1.059 E-4

1.061 E-4

1.061 E-4

u
B3
u
234
u

7.942 E-5

1.298 E-4

1.304 E-4

1.305 E-4

1.306 E-4

8.919 E-2

8.919 E-2

8.919 E-2

8.919 E-2

8.919 E-2

1.403E-2

3. 102 E-2

3.340 E-2

3.365 E-2

3.368 E-2

235

U

1.851 E-3

7.242 E-3

8.101 E-3

8.185 E-3

8.196 E-3

Bey

2.420 E-4

4.475 E-3

7.428 E-3

8.214 E-3

8.395 E-3

238

U

3.239 E-8

3.145E-6

9.390 E-6

1.296 E-5

1.440 E-5

Np

2.626 E-l 0

1.047 E-7

5.787 E-7

1.228 E-6

1 .924 E-6

B7

Np

1.669 E-5

9. 127 E-4

1.832 E-3

2. 104 E-3

2. 168 E-3

238pu

3.163E-6

5.975 E-4

1.545 E-3

1.875 E-3

1.958 E-3

239pu

2.274 E-7

1.422 E-4

4.706 E-4

6.029 E-4

6.374 E-4

240

Pu

1.172 E-8

3.709 E-5

2.144 E-4

3.307 E-4

3.703 E-4

MI

Pu

5.192 E-10

5.084 E-6

3.756 E-5

6. 172 E-5

7.034 E-5

242pu

1.694E-11

9.800 E-7

1.536 E-5

3.508 E-5

4.572 E-5

244

Pu

2.494 E-17

8.631 E-12

3.155 E-10

1.163 E-9

1.999 E-9

Am

2.924 E- 11

7.003 E-7

7.21 8 E-6

1.316 E-5

1.547 E-5

"'Am

5.577 E-l 3

1.406 E-7

3.575 E-6

9.807 E-6

1.372 E-5

^Cm

1.647 E-14

4.741 E-9

7.930 E-8

1.646 E-7

2.010 E-7

244

Cm

4.859 E-14

5.683 E-8

2.479 E-6

8.489 E-6

1.303 E-5

"'Cm

2.185 E-15

9.850 E-9

6.417 E-7

2.550 E-6

4. 158 E-6

"•Cm

3.693 E-17

9.783 E-10

1.5 19 E-7

1.023 E-6

2.329 E-6

247

Cm

3.660 E-19

4.102 E-l 1

1.038 E-8

8.604 E-8

2. 166 E-7

^Cm

5.510 E-21

3. 492 E-l 2

2.011 E-9

2.743 E-8

9.6 18 E-8

232

2M

241

'
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The behaviour of the multiplication coefficient k as a function of the bum-up during successive refills
is given in Figure 2.10. One can see that in spite of the significant change of the fuel composition, the value
of k remains remarkably constant.
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FIG. 2.10 Behaviour ofk as a function of the burn-up for different fillings.

We conclude that the fuel can be indefinitely used in an open ended chain of cycles. Indeed the fuel
can survive the lifetime of the installation and be re-used as long as there is demand for EAs, with very
small or no loss of performance. In contrast with an ordinary reactor the EA produces no " Actinide Waste"
to speak of, but only valuable "Seeds" for further use and once the asymptotic concentrations have been
reached, there is no significant increase with operation of the radio-toxicity of the Actinide stockpile (see
next paragraph).

D.3.2.9. ELEMENTARY, ANALYTIC FORMULATION OF ACTINIDE EVOLUTION

A number of simplifying assumptions permits calculating analytically the essential features of the
evolution of the concentration vector cL(A,2)'
(A ~[<f>). We ignore the discontinuity of the refills and assume a
constant inflow of the father element and neglect the (n,2n) and other channels which may introduce
"loops" in the (A,Z) evolution plane, as already mentioned. We assume that in the presence of the neutron
flux <f>, for all elements there is only one transformation channel (either with neutron capture averaged cross
section o^pror radioactive decay with decay rate A.w whichever is dominant) and a dissipative, fission
channel with spectrum averaged cross section o^.v. For very high values of A spontaneous fission and other
forms of nuclear instability will contribute to such dissipative terms. The rate of transformation in a neutron
flux <f> is <f>o and the total rate H.(l)=0(o^p,+ojiJj) or ji w =0o^ v +A. (l> if the transformation is decay
dominated. The survival, chaining coefficient, which represents the probability of continuation to the next
step of the evolution chain is defined as aw =o^w/(aJJtf+o^I) ora(;)=Xw/(A(l')+a^.vx0)respectively. The
procedure is schematically shown below:
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Assuming first no refill (P = 0 ) and an initial number of nuclei /V,(0) the time evolution is given
according to the Bateman equation (i >1):
k'i

n
If alternatively, there is refill at the constant rate P per unit time and no initial nuclear sample, i.e. N, (0)
= 0, the formula becomes (i > 1)

N®(t) =p\ n

i=i

-_ •

^n

In practice, both refilling and initial nuclei are present and the actual number of nuclei will be simply the
sum of the two above terms. Note that for p = 100 W/g, <f> ~ 5 x 1015 cm"2 s"1 and that the sum of cross
sections is of the order of magnitude of = 2 x 10"24 cm2, leading to an evolution time constant l/n(0 of the
order of * 3 years.

The asymptotic distribution is reached at the limit t~<*>. At this stage the process is dominated by the
refill term P and one can easily calculate the equilibrium amounts:

The time required by /Vw to grow to yv(l)(r-oo)(l -lie) is approximately given by Sl/p(l) where the
sum is extended up to i. Since the order of magnitude of the time constant is typically 3 years, equilibrium
is reached after = 3 (i-1) years where we have used i-1 to take into account that the step through the ^Pa
is fast. The fast decrease of Nll)(t-"o) with the rank in the chain is due to the product of the a « 1 terms.
To a fast decreasing degree of concentrations, the whole table of elements is eventually involved. As
already pointed out, in practice the chain is not open-ended since spontaneous fissions and other
instabilities ensure very small a-values toward the end.
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D.3.2.10. PRACTICAL CONSIDERATIONS

Strictly speaking, continuing operation of the EA requires merely the recycling of the Uranium
isotopes. However at each refill of the fuel, inevitably, individual Actinides are separated during the
reprocessing. Furthermore their relative incineration rate is independent of the concentration. Therefore,
although their elimination requires permanence in the EA for a long time, it is not mandatory to dilute these
extra products in every fuel refill of each EA. They can be accumulated and inserted instead in a dedicated
device. Whichever strategy is chosen, the already calculated evolution of the trans-uranic stockpile as a
function of the integrated bum up (Figures 2.8a-c ) remains valid.
In order to positively destroy such trans-uranic Actinides, the exposure time is long, extending over
many refilling steps. Since their relative amount is very small it is possible to concentrate them in a few,
dedicated fuel bars, to be inserted somewhere in the bundles of ordinary fuel, which is then made of
Uranium and Thorium only. After irradiation, such dedicated bundles do not need further reprocessing,
since even if the local Fission Fragment concentration becomes very high, it will not affect the over-all
criticality of the device which is not appreciably different than if they were generally distributed. Therefore
it may be sufficient at each refill of the main fuel to bleed the gaseous fragments produced and to add a new
protecting sleeve or otherwise ensure the continuing mechanical strength of such specialised fuel bars: it
will make sense not to reprocess them any more, until all actinides are positively transformed into fission
fragments and their incineration completed.
Therefore a practical scenario will consist in (1) reprocessing of the bulk of the spent fuel at each
refill, with separation of Thorium and Uranium which are to be used to fabricate the next fuel refill and (2)
separation at each reprocessing stage of the trans-uranic Actinides and of Protactinium in a small stockpile
which is then introduced in the neutron flux of the EA once and for all and up to its total incineration, with
gas bleeding and strengthening of the cladding at each refill.

The amount of elements at the discharge depends critically on the concentration of "'U, which acts
as the gateway to ^'Np. Therefore we have considered the production of trans-uranic elements after 150
GW d/t, starting from the asymptotic mixture of Uranium in the fuel. Much smaller amounts will be
produced during the early fillings, as seen from Figures 2.8a-2.8c. Results are listed in Table n.5. The
discharge consists primarily of ^Np (66.0 %), ^'Pa (4.24 %), medium lived ""Pu (26.1 %, half-life of 87.7
years) and B9Pu (3.3%) and it is ridiculously small, namely 276 g/t of fuel, or 4.14 kg for a 15 t discharge.
The radioactive heat of this discharge is = 600 W, primarily due to 238Pu, and quite manageable.
The relative radiotoxicity of such trans-uranic products is also very modest, when normalised to the
produced energy. The volume is only a few percent of the production of a PWR for the same energy. As
already pointed out, once inserted in an appropriate fuel containment rod, they will not be handled again
until fully incinerated. In view of the simplicity of such a procedure, geologic storage of trans-uranic waste
from an EA is unnecessary. Clearly the best place to put the unwanted long lived waste is the EA itself,
where an incineration lifetime of years is at hand.
D.3.2.11. PROLIFERATION ISSUES

A great concern about Nuclear Power is that military diversions may occur with the spent fuel. The
present EA scheme offers much better guarantees against such a potential risk. We assume that the
procedure of fuel loading and reprocessing is the one described in the previous section. Critical Masses
(CM) and other relevant parameters for bare spheres of pure metal are listed in Table H.6. The addition of
a neutron reflector, a few inches thick may be used to reduce the CM by a factor two or so. One can see that
three chemical elements of the discharge, namely the asymptotic Uranium Mixture, Neptunium and
Plutonium exhibit potential nuclear explosive features. However several other features limit the feasibility
of an actual explosive device. We consider them in turn, following the arguments given in Ref. [35]:
1) Decay heat produced by the a-decays of the material in some instances is much larger than the
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eight Watts emitted from the approximately three kilograms of weapon grade plutonium which
is suggested to be in a modern nuclear warhead. Since the high-explosive (HE) around the fuel
would have insulating properties (= 0.4 W m °C"'), only 10 cm of HE could result in an
equilibrium temperature of about 190 °C for 100 W of heat. Apparently the breakdown rate of
many types of HE becomes significant above about 100 °C. Although methods could be envisaged
to add heat sinks to the device, we assume that cc-heat yield much larger than 1000 W will not be
acceptable.

TABLE H.5. TRANS-URANIC AND PROTACTINIUM FROM DISCHARGE FOR ASYMPTOTIC
FUEL CONCENTRATION. INTEGRATED BURN UP IS 150 GW d/t
Partial density (g/cm3)

Element
231

Pa

236

Total Cm

0.9179 E-04
0.9179 E-04
0.5469 E-07
0.1428 E-02
0.1428E-02
0.5640 E-03
0.7141 E-04
0.6185E-05
0.3924 E-06
0.1 887 E-07
0.6420 E-03
0.2638 E-07
0.8461 E-09
0.2722 E-07
0.41 82 E-09
0.5500 E-09

Total discharge

2.1618 E-03

Total Pa

Np
237
Np
Total Np
239pu

240

Pu

Total Pu
243

Am

242

Total Am

Cm

TABLE H.6. SOME PROPERTIES OF ACTINIDES FROM EA DISCHARGE HAVING RELEVANCE
TO POSSIBLE MILITARY DIVERSIONS OF FUEL.

Element from EA________Uranium Mix____Neptunium_____Plutonium
10.4
Critical mass (CM), kg
28.0
56.5
Decay Heat for CM, W

24.3

1.13

4400

Gamma Activity, Ci/CM

790

small

small

Neutron Yield, n g1 s'1____________very small_______2.1 105________2.6 10

2) Gamma activity from some of the decay products of the chain are making the handling of the
device during construction and deployment very risky and eventually impossible. In particular the
hard y-rsy emitted by "'Tl is very hazardous. The corresponding dose rate of 30 kg of Uranium
mixture with 103 ppm of B2U contamination is asymptotic after 103 days [36] and is about 3.6x10*
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mSv/hour which corresponds to a 50% lethal dose after 10 minutes exposure to the bare mass.
3) Spontaneous fissions produce neutrons which could cause the pre-initiation of the chain reaction
and thus dramatically reduce the potential yield of the device. Gun-type implosion systems, which
are the easiest to realise, are particularly sensitive to pre-ignition. This effect for instance
discourages the use of such simple systems in the case of weapon grade Plutonium, which has a
yield of 66 n g"1 s"1, where high power explosives providing an implosion speed of one order of
magnitude larger must be used. We assume therefore that fuels with a neutron yield much larger
than 1000 n g~'s~' are not practical, leading to a too small "fizzle yield", namely the smallest
possible yield resulting from pre-initiation.
As already mentioned, the total discharge of Neptunium and Plutonium is of the order of 4 -r 5
kilograms after a long burn-up (5 years of operation ) of a typical EA. Hence in order to accumulate the
amount of explosive to reach a single CM the full discharges of many decades of operation, and the result
of the reprocessing of hundreds of tons of spent fuel must be used. Note that according to our scenario, this
is impossible since the spent fuel is re-injected in the EA right after reprocessing and completely
incinerated. Clearly the accumulation of a CM demands suspending such a procedure for decades. In
addition it will be a very poor explosive, since as one can see from Table H6, both cases will have a very
small "fizzle yield" which will require HE ignition. This effect is particularly large in the case of
Neptunium, since the CM will produce 10'° n/s! In the case of Plutonium, this effect is also large, but the
ignition method will be heavily hampered by the large heat production of the short-lived (half-life 87.7 a)
238
Pu isotope, 4.4 kW for the CM.

Therefore the main concern stems from the possible diversion of the Uranium Mixture, which is
abundantly produced. It has been suggested to denature the Uranium adding a significant amount of ^'U.
In our view such a method is not foolproof since the 238U will quickly produce ample amounts of 239Pu
which is a well proven, widely used explosive and which could be extracted maliciously during
reprocessing, as is the case of ordinary PWRs. Instead we believe that the very strong y-radiation from the
208
T1 contaminant constitutes a strong deterrent and an excellent way to "denature" the fuel. A new
technology in constructing, assembling and handling the weapon must be developed, which we believe is
highly self-discouraging, with respect to other ways of achieving such a goal.
D.3.2.12. BURNING OF DIFFERENT FUELS

As one can see from Table n.2 the majority of Actinides have a large cross section for fission.
Therefore the required level of sub-criticality can be attained with a very large variety of different fuels.
Clearly the choice is application dependent and an almost infinite number of alternatives are possible. In
this report we shall limit ourselves to a number of specific cases.
1) Fuel based on 238U, in which the fissile element bred is Plutonium, which might be of interest in
view of the huge amount of unused depleted Uranium. The main draw-back of this fuel, when

compared with Thorium is the large amount of Plutonium and higher Actinides produced.
However they are eventually incinerated and the stockpile remains constant, just as in the case of
the previous example based on Thorium.

2) Initial mixture of Thorium and "dirty" Plutonium from the large amount (z 1000 t) of the surplus
Plutonium stockpile, presently destined to the geologic storage. In this way one can actually
"transform" Plutonium into 233U with about 85% efficiency, to be used for instance to start-up
other EAs, besides incinerating the unwanted ashes and producing a considerable amount of
useful energy.
We shall briefly review the basic properties of the breeding cycle based on 238U,
238

(n,Y)

P ", 23 min

P ", 2.3 days

t/+/i---— 239(/ -----— 239A//7 - - - - - - - — 239Pw. Such a burning cycle is of interest in view
of the huge amount of surplus of depleted Uranium, but it implies a major concern in view of the larger
radio-toxicity of the spent fuel and of the possible military diversion of the large amounts of Plutonium.
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It has been shown in Ref. [1] that the thermal EA cannot use this fuel, since the asymptotic fuel has a
reactivity £„ which is smaller than the one of Thorium. With fast neutrons, however, this cycle has "per se"
some advantages over the Thorium cycle, namely an even higher reactivity k^ which in principle could
permit envisaging even a critical device and a shorter half-life (2.12 days) of the intermediate 239Np which
considerably reduces the reactivity changes with power, as shown in Table H7.
Cross sections have been integrated over the neutron spectrum calculated with Montecarlo methods
on a realistic model (see paragraph D.3.2.6). The breeding ratio E, is somewhat larger than the one for
Thorium, while the amount of intermediate state "'Np is much smaller, mainly because of its shorter
lifetime. The main consequence is that the variation Max(Ak) subsequent to an extended shutdown and the
breeding loss due to premature captures in 239Np are much smaller. Note that the value of k. at breeding
equilibrium is for the binary mixture ^'U - 239Pu. As we shall see the Plutonium mixture will rapidly evolve
in a mixture of several isotopes, which reduce the value of km at the asymptotic limit. Notwithstanding, as
already
TABLE H.7. NEUTRON FLUX DEPENDENT EFFECTS IN THE F-EA BASE ON ""U CYCLE. THE
PARAMETER p IS THE POWER DENSITY PRODUCED PER UNIT FUEL MASS AT BREEDING
EQUILIBRIUM.
Quantity

Values for p=\ 20 W/g

Neutron Flux cm"2 s"1

0

Breeding ratio, zero flux /V(239Pu)/W(238U)

(

0.190

A?

-6-OOxlO- 4

Rate variation of the breeding ratio, ^
Ratio AT(239Np)//V(239Pu)
Fuel intrinsic mult, factor at breeding equil.
Effects of 135Xe,M9Sm, etc.

5.967 x 1015

3.66 x 10'3

k.

1.250

Max(Ak)

<W4

Breeding loss due to premature capt. in ^'Np

Ak

- 3.816 xlO' 3

Criticality rise after infinite shut-down (239Np)

Max(Ak)

3.256x 10'3

pointed out in the introduction, the large value of km at first sight would indicate that for instance a
traditional Fast Breeder might suffice to exploit the fuel cycle [37] [18]. But in the case of an EA the excess
criticality could be used to extend the burn up, typically in excess of 200 GW d/t, in presence of fission
fragments, starting the EA with a mixture well below the breeding equilibrium. The radiation damage of
the fuel sleeves and the gas pressure built up have to be periodically taken into account, for instance by a
periodic renewal of the fuel encapsulation and gas bleeding. These procedures are much simpler than a full
reprocessing and in principle do not have to be exposed to the full radio-toxicity of the fuel.

Reprocessing and in general the fuel handling strategy implies that several components of the spent
fuel are assembled into a renovated fuel, eventually with the external supply of additional fuel (i.e. "dirty"
Plutonium) and/or with additional fissile material produced in the breeder section. A simplified, elementary
method of estimating the relevant multiplication coefficient can be formulated assuming that the neutron
spectrum in the EA is not appreciably affected by the variations in the mixture. This is only approximately
valid in the case of strong resonances which may produce "screening", namely local "dips" in the spectrum.
Also large variations of fuel concentration will affect the spectrum and hence the performance of the system
since the fraction of captures and the lethargy effects in the Lead diffuser will change. Notwithstanding,
such a treatment could be very useful to understand at least qualitatively the general evolution during burnup and refills. The multiplication coefficient k, of a small amount of element mixture of two components
exposed to an "external" neutron flux <j>(E) is given by
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where vw is the spectrum averaged neutron multiplicity due to fissions and the multiplication coefficients
for the two media are, as obvious

and

k

-

The weights are given simply by the relative absorption rates (per unit time) in the two media

In order to simplify the algebra we have limited our consideration to the dominant contribution due
to fission. The discussion can be easily extended to other processes, like (n,2n) and so on. Generalising,
the multiplication coefficient of a mixture of n-elements is simply given by the "stoichiometric" weight of
the coefficients of the components. In particular, after n cycles with refills of fuel with no external additions
(each after a predetermined flux exposure $=\<j> dt) the multiplication coefficient can be easily estimated
as stoichiometric sum of the same fuel which is subject to a series of successive exposures corresponding
to If at each cycle some fresh amount of fuel is added or eventually some component is removed, its
contribution must obviously be added or subtracted stoichiometrically.
Linearization of the problem permits using simple "chemistry" considerations which are very useful
for instance in defining the strategy of the refills. The definition of the elements of the mixture is of course
dependent on the problem one wants to solve. They can be either the refill mixture or even single isotopes.
Each of the elements will then independently evolve inside the fuel i.e. TV, will change with time. In our
approximation the total number of nuclei 22V, will decrease because of fissions. Clearly the gain G is not
a linearized quantity and it must be estimated with the help of the parameter k. In order to calculate k, one
has to introduce the effect of the losses L as discussed in the previous paragraphs, starting from the value
of*.,
The total burn up of the fuel is the sum of the burn-ups of the elements, since the power produced is
the sum of the power delivered by each of the elements, p=Sp w =$e, 5Woi,v, where
e, =3.2x10'" joules is the energy produced by each fission.
We have estimated the evolution of some of the primary ingredients of the fuel strategy. Spectra are
taken from the exemplificative designs of section D.3.2.3. They should be a good representation of the
actual situation, with the above mentioned provision. We have considered sub-fuel elements made of pure
232
Th, a3U, ^U, 239Pu and the typical trans-uranic discharge of a PWR after 33 GW d/t of bum-up, in which
Np, Pu, Am and Cm isotopes have been included. In Figure 2.1 1 we have plotted *_ as a function of the
days of exposure to a flux (p = 4.0xl015 n cm"2 s"1. One can distinguish the difference between the fissile
elements which have a kn decreasing with the isotopic evolution of the mixture and the breeder elements
in which /:„ starts very small (some fission is present even for pure elements) and grows because of the
progressive breeding of fissionable elements.

In order to estimate the value of Jk_ for a mixture of such elements as a function of the bum-up one has
to introduce the stoichiometric weights n,. In Figure 2.12 we plot r^ the relative absorption rates (per unit
time) for 1 initial gr/cm3 of each element, which must then be multiplied by the actual initial concentration
of each element d{ to compute n,. Likewise the power produced for 1 gram of the mixture by the flux (f) is
easily calculated with the help of Figure 2.13, in which p( the power/g of each element is given as a
function of the integrated flux. The irradiation dependence and the power/g of the mixture are then
Note that in practice one might prefer to set the more relevant parameter p and derive the consequent
flux, which is trivially done with the above formula. Finally in Figure 2.14 we give the disappearance rate
of nuclei due to fissions as a function of the integrated flux. Note that the bum-up for full disappearance
is about 950 GW d/t and therefore the burn-up for a given integrated exposure can be calculated with the
appropriate weights directly from the Figure 2. 14, rather than integrating p. Fission fragment captures must
be evaluated in order to calculate k from /:„ An approximate formula has been derived from the full Monte226
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carlo calculation and gives a linear dependence of the fraction of neutrons vs. burn-up, with L = 0.065 for
100 GW d/t.
As one can see from Figure 2.11 to Figure 2.14, the features amongst the various fissionable
elementson one hand and of the two main breeding materials on the other are surprisingly similar. This
means that a large flexibility exists in substituting a fissionable material for another or in building a
convenient mixture of them: a wide spectrum of choices is possible, depending on the availability of fuels
and on the application. The same EA can be used (even simultaneously) (1) to produce energy (2) to
transform fuels, like for instance Plutonium discharge into 233U and (3) to incinerate unwanted Actinides.
In general using mixtures other than 232Th/B3U would, however, produce fuel discharges with a much
greater radio-toxicity.
D.3.2.13. CONCLUSIONS

In order to ensure a practical utilisation of the fuel, the neutron distribution in an EA must be
sufficiently uniform. This in turn requires abandoning the classic homogeneous fuel-moderator mixture
geometry of an ordinary reactor and instead inserting sparse fuel elements in a strongly diffusive medium.
Lead or Bismuth appear to be ideal materials for such purposes, at least for a F-EA. Other media with
similar properties, like for instance Graphite or Heavy Water could be used for a T-EA.
The energetic gain of a T-EA, as discussed in Ref. [1] is of the order of G = 30+50. In practice this
is realised operating the EA at an effective multiplication k in the range 0.92 < k < 0.95. Fission poisoning
limits the bum-up of the T-EA to some 30-50 GW d/t. There are other reasons which suggest operation of
the T-EA with relatively small values of k, namely its relatively large variations due to decay mechanisms
after shut-down or power variations (^"Pa and I35Xe) so as to leave enough margin from risk of criticality.
The same type of considerations would however suggest a much greater gain for a F-EA [2], for
which an operating point in the vicinity of k = 0.98 is an optimal operating point, corresponding to an
energetic gain in the interval G = 100-=-150. A first reason for this choice stems from the much larger value

of er)=2.5, which implies k, z 1.20 and AL = 8.6 10'3 for k = 0.980. On the other hand the fission poisoning
is much smaller and linearly growing with the bum-up, amounting to about AL = 0.05 after 100 GW d/t.
The flux dependent 135Xe effect is absent and the time dependent k variation due to ^Pa decays is much
smaller for a given power density. All these considerations suggest k = 0.98 as quite appropriate for a
F-EA.
The multiplication factor k, is such as to permit to reach such a k value with a 233U concentration
below the breeding equilibrium, thus permitting to compensate the growth due to fission fragment captures
during operation with the increase of &„. In this way, very long burn-ups are possible without intervention
and in exceptionally stable conditions.

At the end of each of these very long cycles, reprocessing is necessary in order to remove Fission
Fragments and replace the burnt fuel mass with fresh Thorium. Uranium isotopes are chemically recovered
and reused as seeds for the next fuel load. The rest of the trans-uranic Actinides are of modest amount (few
kilograms) and they should be stored indefinitely in the EA where they are progressively incinerated. Thus,
Geological Storage of Actinides is unnecessary.
Although the optimal performance of the EA is ensured with the Thorium cycle, a variable amount
of other isotopes could be used instead, with very little or no change in performance. For instance depleted
Uranium (B8U) of which vast amount of surplus exists, could be used to replace 232Th. The fissionable 233U
could be replaced in part or totally with 235U, 239Pu or even the trans-uranic discharge mix of a PWR.
Burning such unwanted "ashes" of the present PWR power plants is not only providing a very large amount
of extra energy from an otherwise useless waste destined to geologic storage, but also helps to eliminate
permanently materials that nobody wants.

229

D.3.3. THE ACCELERATOR COMPLEX
D.3.3.1. A THREE-STAGE CYCLOTRON FACILITY

The accelerator has to provide a proton beam of 10 -f 15 mA, one order of magnitude lower than the
one of most of the accelerator-driven incineration projects based on continuous-wave (c-w) LINAC [9].
The relatively modest requirement of the present application, primarily related to the high gain of the F-EA,
allows alternative and much simpler solutions based on circular machines producing a continuous beam,
such as ring cyclotrons [38] [39] which have a lower cost and a much smaller size.
Taking into account the recent development of high-intensity cyclotrons and the outstanding results
obtained at PSI [8], we have chosen a scheme based on a three-stage cyclotron accelerator (Figure 3.1),
namely in succession: (1) the injector, made of two 10 MeV, Compact Isochronous Cyclotrons (CIC).
Beams are merged with the help of negative ion stripping; (2) the intermediate stage, a cyclotron with four
separated sectors (ISSC) bringing the beam up to 120 MeV; (3) the final booster with ten separated sectors
and six cavities (BSSC), raising the kinetic energy up to about 1 GeV.

2 Injectors 10 MeV 42MHz

Booster 120-990 MeV 42MHz

Main-cavities

Intermediate 120 MeV 42MHz

Flat-top

Main-cavities

Fig. 3.1 General lay-out of the accelerator complex.

The main novelty of our design, besides the about tenfold increase of the accelerated current, well
within me expectations of the present knowledge of space charge effects and beam instabilities, is the
increased power efficiency. This extrapolation can be made with confidence and relies primarily on the
performance of the RF cavities, which is confirmed by specific model studies that we have made. In
particular we believe that the increased beam loading can be adequately handled. This conclusion has been
confirmed by a similar study of the PSI Group [8].
The main parameters of the two separated sector cyclotrons are given in Table m.l. An essential aspect
of the accelerator complex is the overall efficiency which depends mainly on the RF performances. Power
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estimates have been made assuming a 70 % yield of the RF power amplifiers and taking into account
measurements on cavity models for the RF losses. Further optimisations of the cavity shape which are in
progress show that a global efficiency slightly greater than 40 % is within the reach.
TABLE m.l. MAIN PARAMETERS OF THE TWO RING CYCLOTRONS
Accelerator

ISSC

BSSC

External diameter

10.5m

16m

Magnet iron weight

1000 tons

3 170 tons

Magnet power

0.6 MW

2.7 MW

RF power

1.54MW

12.5MW

An important aspect of the Accelerator complex when used in conjunction with the EA is the high level
of reliability required. Based on previous experience with similar machines and possible improvements
within reach we believe that the unscheduled down-time of the accelerator can be kept to the level of 3-=-5

D.3.3.2. OVERALL DESIGN CONSIDERATIONS

Acceleration of intense beams requires a very efficient extraction. To this effect, the main parameters
of the accelerators should follow several design criteria:

1) Injection energy should be high enough in order to reduce the longitudinal space charge effects
especially during the first turns after injection in the intermediate stage.
2) Separated sectors magnets with small gap (5 cm) to obtain good vertical focusing and to provide
plenty of free space between sectors for accelerating structures, injection and extraction devices.
A high energy gain per turn is important in order to reduce the number of turns to reach the
extraction radius. The number of sectors is mainly determined by engineering considerations
(number of RF cavities as well as extraction channel problems).

3) Flat-topping RF cavities: in order to decrease the energy spread flat-topping accelerating cavities
are added, namely, two additional RF resonators working on a harmonic of the main RF cavity
frequency in order to obtain an "as flat as possible" accelerating voltage wave form. These cavities
operate on a third (or fifth) harmonic mode with a peak voltage between 12 and 14% (or 4 and 5%)
of the main RF cavities.
4) Single turn extraction: in order to get a high extraction efficiency, it is necessary to achieve a large
radial separation of the last turns. In turn this requires choosing a large extraction radius, i.e. a low
average field and a high energy gain per turn. The effective turn separation depends somewhat also
on the phase width of the beam; for 20 ° (30 °) it is 12.9 mm (12.4 mm) in the intermediate (ISSC)
cyclotron and 9.0 mm (8.4 mm) for the final booster (BSSC).

5) Matching the three stages: in order to avoid any beam loss, matching conditions must be satisfied
between the different stages. To simplify the overall design of the RF system, a good choice is to
operate all three machines at the same frequency, i.e. 42 MHz in the proposed design, and to
accelerate protons on the same harmonic number at least in the ISSC and BSSC, since at the same

time the magnetic fields can be kept sufficiently far away from saturation.
The main parameters of the Accelerator complex for the RF option at 42 MHz are given in Table m.2.

Equilibrium orbits and related properties have been calculated numerically using realistic magnetic field
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maps.
D.3.3.3. THE INJECTOR CYCLOTRON
It consists of a four sector isochronous cyclotron capable of delivering 5 mA in the acceptable phase
width of the intermediate stage. The beams of two such injectors working at the same frequency are then
merged before injecting them into the intermediate stage (ISSC) and the final booster. Commercial compact
cyclotrons accelerating negatively-charged H~ ions [40] operate routinely with an internal ion source (i.e.
an injection at low energy, about 30 KeV) at about 2 mA intensities. In our case a higher current is required

TABLE m.2. MAIN PARAMETERS FOR THE 42 MHz DESIGN
Accelerator type

Injector

Intermediate

Booster

Injection

100 keV

lOMeV

120 MeV

Extraction

lOMeV

120MeV

990 MeV

Frequency

42 MHz

42MHz

42MHz

Harmonic

4

6

6

Magnet gap

6 cm

5 cm

5 cm

Nb. sectors

4

4

10

15/34deg

26/31 deg

10/20 deg

Odeg

Odeg

12 deg

2

2

6

delta

delta

single gap

Gap Peak Voltage injec.

HOkVolt

170 kVolt

550 kVolt

Gap Peak Voltage extrac.

1 10 kVolt

340 kVolt

1 100 kVolt

Radial gain per turn ext.

16 mm

12mm

10 mm

Sector angle (inj/ext)
Sector spiral extraction

Nb. cavities
Type of cavity

and therefore the injection energy must be increased to about 100 keV in order to avoid space charge
limitations in the source-puller gap. Taking into account the possibility to inject large currents from an
external source at high voltage [41], we have chosen an axial injection system at about 100 kV for various
reasons:
1) A high extraction voltage for the source.
2) A multicusp ion source for the production of negatively charged ions. This source is cumbersome
and therefore it could not be installed in the central region of the cyclotron.
3) A high brightness beam accelerated by the cyclotron requires a careful 6D matching (the two
transversal and the longitudinal phase space); in particular, it is necessary to use a buncher in a
way to avoid too strong effects of the space charge.
4) Increasing the reliability of the cyclotron: the absence of an internal source assures a better
vacuum in the cyclotron, which allows higher RF peak voltages.
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5) Refined 3-D computations of the magnetic field have been carried out, in particular in the
injection and extraction regions. As opposed to the intermediate and booster cyclotrons, a closed
magnet configuration with a return yoke is used in order to make the cyclotron more compact.
6) The RF system consists of two accelerating and two flat-topping cavities. The fourth harmonic
of the particle frequency has been chosen to make the cyclotron rather compact. In order not to
worsen space-charge effects by phase compression, a constant voltage distribution along the cavity
gaps is desired.

Table ffl.3 summarises the main parameters of the injector cyclotrons. A general view of the injector
cyclotron is visible in Figure 3.2. Bunches of the two 5 mA beams produced by each of the two injectors
are merged in order to obtain a single 10 mA beam to be injected in the ISSC. Both injectors operate with
negative ions (H~). A H+ beam extracted by stripping H" ions and an H" beam, extracted by a conventional
channel, are synchronised so that bunches are superposed (in phase space) in a straight portion of the ISSC
injection line. A stripper is installed at the end of the injection line, before the beam enters the ISSC
magnetic field to convert the H~ beam into a H+ beam. As a result the particle density in the phase space
injected in the ISSC is about doubled, leading to an injected current of 10 mA at no increase of the single
beam emittance. The method can be easily extrapolated to the merging of currents of even a larger number
of injector cyclotrons.
TABLE m.3. MAIN PARAMETERS OF THE INJECTOR CYCLOTRONS
Injection energy
Extraction energy
Number of sectors
Pole radius
Total yoke height
Maximal field in the sectors
Number of main RF cavities

lOOkeV
lOMeV
4
0.75 m
1.2 m
1.5 T
2

RF frequency

42 MHz

Harmonic number
4
Peak Voltage
113kV
Losses per cavity
17 kW
Number of flat-top cavities
2
RF frequency of flat-top cavities
126 MHz
Peak Voltage of flat-top cavities
13 kV
Axial Deflector field_____________________________15kV/cm______
D.3.3.4. THE INTERMEDIATE SEPARATED-SECTOR CYCLOTRON (ISSC)

The general view of the ISSC is given in Figure 3.3. A four-separated-sector cyclotron has been
chosen as the intermediate stage because of the following reasons :
1) the acceleration to a sufficiently-high injection energy for the booster can be achieved in about
100 turns due to the possibility to install, between the sectors, cavities providing a high
accelerating voltage without prohibitive losses.
2) the flat-topping of the RF voltage is easy to achieve.
3) the strong magnetic focusing provided by the four identical C-shaped sector magnets with a
constant small magnetic gap (5 cm).
4) the possibility to install an efficient extraction channel in the field-free valleys.
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FIG. 3.2 General view of the injector.

FIG. 3.3 General view of the ISSC.
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The choice of the injection energy into the ISSC is certainly one of the most important parameters
which influences the overall performances of the cyclotron complex. The space charge effects are strong
at low energy. They are present in both transversal and longitudinal directions of the beam. Figure 3.4
shows the simulation of the evolution of the accelerated beam in the radial-longitudinal plane during the
first 16 turns under the following conditions: intensity 20 mA, injection energy 10 MeV, energy spread 0.05
MeV, normalised emittances it mm.mrad in both radial and vertical directions. Rat-topping with a third
harmonic voltage and a shift in phase (-10 RF deg.) with respect to the accelerating voltage have been used
in order to compensate the linear effects of the space charge and increase the longitudinal acceptance
(± 15 RF deg.) of the bunch. It has been observed that the beam shape in the r-(|> plane seems to stabilize
after a certain number of turns (cf. Figure 3.4). The beam radial spread is about ±15 mm in the extraction
region. The result of these simulations is that a nominal 10 mA beam can be handled at an injection energy
of the order of 10 MeV.

PhM* RF (OtgrM)

FIG. 3.4 Beam evolution in the r-(f> plane for the first 16 turns.

Acceleration of the beam is provided by two main resonators located in opposite valleys giving an
energy gain per turn of 0.6 MeV at injection and 1.2 MeV at extraction, increasing the beam energy from
10 MeV to 120 MeV. The RF frequency of the accelerating (main) cavities has been chosen equal to 42
MHz, which corresponds to the sixth harmonic of the particle revolution frequency in the cyclotron. Due
to the large (30 RF deg.) beam phase width, flat-topping cavities would operate on the third harmonic of
the main cavities i.e. on the eighteenth harmonic of the revolution frequency.
Double-gap cavities have been selected (as opposed to single-gap) because their radial extension is
much smaller, thus leaving more space in the centre of the machine for the bending and injection magnets
and the beam diagnostics. A voltage (or phase compression) ratio of 2.0 is used between injection and
extraction. In order to reduce the number of turns in the cyclotron and to have sufficient turn separation,
accelerating voltages of 170 kV and 340 kV are required at injection and extraction. The main
characteristics of the RF cavities are given in Table ffl.4.
The shape of the cavities has been defined with the help of the 3D electromagnetic code MAFIA [42].
Models of the main and flat-top cavities have been respectively built at 1:3 and 1:1 scales in order to check
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the computations with MAFIA. These models are of the low-power type and are mainly made of wood and
copper. Photographs of the accelerating and flat-topping cavity model during assembling and measurements
are shown in Figure 3.5.
For a current of 10 mA, the power to be delivered to each main cavity of the ring cyclotron is
estimated to be about 770 kW (550 kW beam power and 220 kW cavity loss), which correspond to about
1.1 MW electrical power load (assuming a 70% DC to RF conversion efficiency). The beam power to be
absorbed by each cavity is 65 kW, which is about seven times the power dissipated in the walls (9 kW).
The injection channel of the ISSC cyclotron brings the beam from outside the cyclotron to the first
RF cavity gap where it is accelerated. It starts after the stripper which is located at the end of the beam line
that transports the combined HYH~ beam from the injectors. The stripped H+ beam is injected in the
cyclotron through a valley along a flat-top RF cavity as shown in Figure 3.6. When it reaches a radius lower
than the injection radius it is deflected in a first bending magnet BMI1 in the clockwise direction (seen
TABLE DI.4. MAIN CHARACTERISTICS OF THE ISSC CYCLOTRON RF CAVITIES
_____________________________Main cavities________Flat-top cavities___
Number of cavities

Type of cavity

2

2

A/2, double-gap, tapered
walls

A/2, double-gap, tapered
walls

42.0 MHz

550 kW
770 kW

126.0 MHz (h=3)
1.0m
2.45m
2x20 kV
2x40 kV
11000
9kW
65 kW
56 kW

1.1 MW

13 kW

Frequency
Cavity height
Cavity length
Voltage at injection
Voltage at extraction
Quality factor
Losses/cavity

2.6m

2.6m
2xl70kV
2x340 kV
13000
220 kW

Beam power/cavity
Total power/cavity
Total electric power/cavity
(70% efficiency)

from above). It is then deflected counter-clockwise, first by a second bending magnet BMI2 and by a
electromagnetic channel EMDI located in one of the cyclotron sector gap so that it reaches the first RF
cavity gap where beam acceleration starts. Injecting at 10 MeV allows to take benefit of enough room to
locate the deflecting magnets and use a simple set of deflecting elements with moderate magnetic field
requirements. The main parameters of the injection channel are given in Table ffl.5. The location of the
injection and extraction channel elements of the ISSC are given in Figure 3.6.
TABLE Itl.5. ISSC INJECTION CHANNEL CHARACTERISTICS
Elemenl____________________Length (m)_________Magnetic field DB (T)
BMI1
BMI2
EMDI
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0.4
0.6
0.8

0.4
1.0
0.25

FIG. 3.5 Photographs of the cavity models (top:
cavity during assembling.

main cavity during assembling, bottom: flat-topping

The extraction channel allows deflecting the accelerated beam outside the cyclotron. In order to
achieve an extraction efficiency of nearly 100%
so as to reduce induced radioactivity, the extracted orbit
at the channel entrance should be fully separated from the last internal orbit. It consists of an electrostatic
deflector (ESDE), an electromagnetic deflector (EMDE) and a bending magnet (BME). The three channel
components are located in two successive valleys. After the beam is kicked outwards from the last internal
orbit, by the electrostatic deflector located at the exit of a main RF-cavity it passes through the magnet
sector. It is then further deflected to the entrance of the next valley by the electromagnetic deflector. The
last section is a conventional bending magnet which is located in the valley behind the RF flat topping
cavity as shown on Figure 3.6. Table III.6 gives the main parameters of the extraction channel.
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FIG. 3.6
Location of the injection and
extraction channel elements of the ISSC.

TABLE ffl.6. ISSC CHARACTERISTICS OF THE EXTRACTION CHANNEL ELEMENTS
Element
ESDE
EMDE
BME

Length (m)
0.4
0.9
1.2

Electric field (kV/cm)
80
0
0

Magnetic field DB (T)
0
0.25
1.0

D.3.3.5. THE SEPARATED-SECTOR BOOSTER CYCLOTRON (BSSC)

A general view of the booster can be seen in Figure 3.7. The magnet of the final booster consists of
10 identical C-shaped sector magnets with a strong spiral needed in order to obtain sufficient vertical
focusing at high energies. Each sector is made of a pair of spiral pole tips whose angular aperture is
increasing with the radius. The width of the sector at low energies fixes the magnetic field level Bs needed
in the magnet for isochronism and the value of the vertical focusing frequency vr The sector width should
not be too large so that devices like the RF cavities and the extraction channel elements can be installed
in the valleys. All these considerations have led us to select a 10 degree sector angle width at low radii. The
corresponding values of the vertical focusing frequency and sector field are respectively 1.2 T (without
space-charge) and 1.8 T. As in the ISSC cyclotron design, no trimming coils are used for generating the
radial magnetic field increase required by isochronism. This effect is obtained by increasing the sector
width with radius. The characteristics of the magnet are presented in Table ITJ.7.
Acceleration of the beam is provided by 6 main resonators located in the valleys. They should provide
an energy gain per turn of 3.0 MeV at injection and 6.0 MeV at extraction, increasing the beam energy
from 120 MeV to 990 MeV. In order to compensate the effects of the space charge forces, two flat-topping
cavities are needed. The RF frequency of the accelerating (main) cavities has been fixed equal to 42 MHz,
which corresponds to the sixth harmonic of the particle revolution frequency in the cyclotron. Since the
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beam phase width can be reduced to 15 degrees at the intermediate cyclotron exit, fifth harmonic operation
has been selected for the flat-top cavities. This enables to decrease the flat-top cavity power compared to
operation on the third harmonic. Single-gap cavities are the most suitable candidates because azimuthal
space is restricted and they have high quality factors. This type would be used for both accelerating and
flat-topping cavities. A voltage (or phase compression) ratio of 2.0 is used between injection and extraction
in order to reduce the number of turns in the cyclotron and to have sufficient rum separation at extraction.
The main characteristics of the accelerating cavities are given in Table IDL8. Measurements on the
accelerating cavity model (1:3 scale) which can be seen on Figure 3.8 where the upper part has been
removed, have been carried out in order to check and determine precisely the cavity characteristics. A very
good agreement has been found between theoretical calculations and experimental results.

FIG. 3.7 General view of the booster ring cyclotron.

TABLE ffl.7. MAIN CHARACTERISTICS OF THE BOOSTER MAGNETS
Number of sectors
Angular aperture at injection
Angular aperture at extraction
Spiral angle at extraction
Magnetic gap in the sector
Overall external diameter
Total iron weight
Maximum field in the sector
Total electric power

10
10 deg
20 deg
12.0 deg
50 mm
15.8 m
3170 tons
1.8 T
___________________________2.7 MW
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The power to be delivered to each main cavity of the ring cyclotron is estimated to be about 2.05 MW
(1.45 MW beam power and 0.60 MW cavity loss), which corresponds to about 2.9 MW electrical power
(assuming a 70% IX! to RF conversion efficiency). The beam power to be absorbed by each flat-top cavity
is 220 kW, which is about 20 times the power dissipated in the walls (10 kW). Operating on the fifth
harmonic allows to reduce the power absorption in flat-top cavities by a factor slightly larger than 2. All
the figures above are given for a current of 10 mA.
The injection channel of the BSSC cyclotron is the system that allows to bring the beam from outside
the cyclotron to the first RF cavity gap where it is accelerated. Its layout can be seen in Figure 3.9, where
both injection and extraction channel components are visible. The main parameters of the injection channel
are given in Table DI.9. The main parameters of the extraction channel are given in Table IE. 10.

TABLE m.8. MAIN CHARACTERISTICS OF THE BOOSTER CYCLOTRON ACCELERATING
CAVITIES
____
Frequency (MHz)

42.0

Number of cavities
Type of cavity
Voltage at injection
Voltage at extraction
Quality factor
Losses (estimated)

6
A/2, double-gap, curved walls
550 kV
1100 kV
31000
600 kW

TABLE m.9. BSSC INJECTION CHANNEL CHARACTERISTICS
_______Element_____________Length (m)___________Field drop DB (T)
BMI1
0.90
1.70
BMI2
0.50
1.30
BMD
0.50
1.70
BMI4
0.50
1.70
BMI5

0.50

1.30

EMDI

0.90

0.25

TABLE m.10. BSSC EXTRACTION CHANNEL CHARACTERISTICS
Element
ESDE
EMDE
BME

Length (m)
0.80
0.30
1.30

B-Field drop (T)
0.16 T
LOT

E-Field (kV/cm)
55
-

D.3.3.6. BEAM TRANSPORT TO THE EA

The beam extracted from the cyclotron complex has a typical transverse invariant emittance of eim = 2
it W6 rad m (the true emittance is £ = s^/fly where /ty is the usual relativistic factor), and a momentum
spread of the order of a few 10"4. The current density is roughly uniform in the transverse phase-space,
leading to an approximately parabolic current density in a focal point. It is not difficult to transport such
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FIG 38

Photograph of the model of the accelerating cavity of the booster

a beam over significant distances and to the EA This can be accomplished with the help of standard
bending magnets and quadrupoles The momentum of a 1 0 GeV kinetic energy protons is 1 696 GeV/c
corresponding to a magnetic curvature radius of 3 77 metres in a field of 1 5 Tesla and to py = l 807 In
particular the "goose neck" required to bend the beam from horizontal to vertical into the EA requires a
total bending strength of 8.88 Tesla x metre This magnet is also used to separate the beam transport from
the neutrons escaping the EA through the beam pipe An appropriate beam catcher is used to remove them
far away from the proton beam path

As is well known, the beam transverse radial dimensions in each plane are determined by the so-called
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betatron function Ax(z) = V(fi(z)E/n). Over the beam transport channel, typically P(z)= 20 m and the beam
radius is Ax - 5.0 mm. At the EA beam window we want Ax=7.5 cm and therefore (%z) ~ 4000 m. This
is realised by creating a focal point some L = 30 metres away from the window and letting the beam spreadout naturally because of its emittance. In absence of magnetic fields, the evolution of the /3-function at a
distance L from the focal point is given by the well known formula $z) = /%0) + L2/ffO) ~ L2//3(0).
Setting ftz) = 4000 m we find yflfOj ~ L2/ ftz) = 0.225 m, which is within reach with the help of an
ordinary quadrupole triplet1. The beam radius at the focal point is very small, Ax(0) = -/(fi(0)£/n) = 0.70
mm. In short the idea is the one of enhancing the angular divergence of the beam by making a very tiny
focal spot7. A long drift space following such a focal point will traduce this angular divergence into a large
spot.
An appropriate collimator is limiting the aperture available to the beam in this point to about 10 times its
nominal radial size, large enough in order to let the
beam through with no loss in ordinary conditions.
In case of the accidental mis-steering of the beam or
of a malfunctioning of the focusing lenses, the spot
will grow in size and the beam will be absorbed by
the collimator. In this way the beam window can be
protected against accidental "hot spots" caused by
the wrong handling of the beam. It has been
verified that the defocusing forces due to the beam
current do not appreciably affect the beam optics3.
The beam must be transported under a
reasonable level of vacuum. In our design the last
part of the beam tube is filled with Pb vapour at the
pressure of about 5 x 10"4 Torr, the vapour tension
of the coolant at the operating temperature.
Differential pumping and a cold trap will remove
these vapours which may be radioactive before they
reach the accelerator. There are no appreciable
effects of this residual pressure on the beam
propagation. The need of clearing electrodes will be
further studied, but it appears unnecessary at this
level.

The extracted beam current and positions are
carefully monitored with non-destructive probes,
beam profile monitors and pick-up electrodes. In
case of a malfunctioning of the beam, the
accelerator current can be cut-off very easily on the FIG 39 1^^^ of the injection and extraction
axial injection line of the injectors in times of the channei eiements Ofthe booster ring cyclotron.
order of microseconds (the transition time from the
ion source to the final focus), thus avoiding any damage of the hardware due to beam mis-steering. An
alternate beam dump should be provided to which the beam could be dumped during accelerator tuning
'it may not seem entirely obvious to obtain such a low beta value with a beam transport if the actual emittance from
the accelerator were less than what is quoted. If so, one could easily increase the emittance of the beam through the
beam transport with the help of multiple scattering or with a pair of orthogonal small steering magnets operated at
high frequencies (Lissajous pattern).
2
From phase-space conservation in fact through the beam transport the product of the beam size and angular

divergence is a constant.
3

For instance the CERN-PS Booster routinely handles and transports peak currents of the order of 100 mA, about
one order of magnitude larger than the present case.
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and the like.
D.3.3.7. CONCLUSIONS
The above preliminary studies have shown that a 3-stage Cyclotron facility could provide a solution
for a = 10 GeV x mA beam to drive the Energy Amplifier. Detailed design studies are now being
undertaken in order to clarify the following points in beam dynamics:
1) detailed calculations on the beam dynamics in the injectors in order to assess the intensity limits
of this kind of injector.
2) more refined calculations of the merging of the 2 beams (H+ and H") coming out of the injectors
in order to define the beam characteristics at injection in the ISSC.
3) detailed beam dynamics in the ISSC with space charge effects taking into account the particle
distribution after stripping.
Besides this, technical design studies on the three accelerators have to be started, in particular
mechanical design studies (vacuum chamber of the large SSCs, optimisation of the shape of the main
cavities of the SSCs, etc.). Finally, a conceptual study aiming at increasing the final energy towards 1200
MeV is in progress.
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D.3.4. THE ENERGY AMPLIFIER UNIT
D.3.4.1. INTRODUCTION

The general layout of the EA unit is shown in Figure 4.1 a-b. The main design parameters are given in
Table IV. 1. In short it consists of a main vessel, about 6 m in diameter and 30 m tall, filled with molten
Lead. The vessels, head enclosure and permanent internal structures are fabricated and shipped as an
assembled unit to the site. The shipping weight is then about 1500 tons. Removable internal equipment is
shipped separately and installed through the top head. The relatively slender geometry enhances the
uniformity of the flow of the molten Lead and of the natural circulation for heat removal.
A high energy beam is injected through the top and made to interact in the Lead near the core. The heat
produced by the nuclear cascade is extracted by the Heat Exchangers. Most of the inside of the vessel is
free of obstructions, in order to permit a healthy circulation of the cooling liquid. The circulation of the
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General layout of the Energy Amplifier unit.

Lead in the vessel is ensured exclusively
Proton Beam
by natural convection. There are four 375
MW, heat exchangers to transfer the heat
Secondary coolant
from the primary Lead to the intermediate
Overflow path
heat transport system. They must be
designed in such a way as to introduce a
small pressure drop in order not to slow
down too much the convective cooling
•Normal Coolant level
flow. The liquid once cooled by the heat
EBDV
Heat exchanger
exchangers, descends along the periphery
and feeds the lower part of the core and
the target region. A thermally insulating
wall separates the two flows. In order to
Thermal insulating wall
Mam vessel
have an effective circulation at the chosen
power level (1500 MWJ,
the temperature
Contaiment vessel
gradient across the Core must be of the
order of 250 °C. Consequently the volume
inside the vessel can be ideally divided in
three separate regions, namely (1) the
Hot air riser
target/core/breeder region, (2) the
convection draft generating region and (3)
the heat exchangers region. A remotely
controlled pantograph transfer machine is Cold air downcomer
used to transfer fuel between the core,
storage racks located in the convection
Main silo
generating region and the transfer station,
Plenum region
Fuel region
where they can be inserted or removed
Spallabon region
from the EA vessel by a transfer cask1. The
fuel storage region can be used also as a
cooling down region for spent fuel. Fuel
bundles can be extracted or introduced
into the vessel with the help of appropriate
tooling through the top cover of the
vessel2. According to previous experience
with such pantographs, widely used in FIG. 4.1b The energy producing unit, side view.
existing Fast Reactors, the refuelling time
may require of the order of 1-2 weeks. As described in the text, it is to be performed about once every five
years or so.
The proton beam enters the vessel through a long cylindrical evacuated tube of about 30 cm diameter,
which restricts to 20 cm before entering the core region. The beam diameter at the window is about 15 cm.
The life expectancy of the beam penetration window is estimated to be about 1 year, namely it requires
periodic replacement, performed extracting the full beam tube. The window is cooled by the main Lead
circulation in the vessel. Accidental breaking of the window will fill the beam tube with molten Lead. This
will bring the Energy Amplifier to a halt, since the injected lead will act as a beam stopper. The design of
the beam penetration channel is more amply discussed further on.
1

Refuelling machines of this type have been applied in the UK's
PFR, Italy's PEC and Japan's MONJU. The
conceptual design for the ALMR transfer machine was provided by Ansaldo (Italy).
2
As already pointed out, in order to reduce the proliferation risk, the fuel extraction or injection operation may be
restricted to the user (owner) of the plant and allowed only to specialized team. This is possible since refuelling
occurs only once about every 5 years and there are no major, active elements which need access during operation.
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TABLE IV. 1. MAIN PARAMETERS OF THE ENERGY AMPLIFIER
Gross Thermal Power/unit
Primary Electric Power
Type of plant
Coolant

Sub-criticality factor k, (nominal)
Doppler Reactivity Coefficient, (Ak/AT)
Void coefficient (coolant) Ak/(A p / p)
Nominal energetic Gain
Accelerator re-circulated Power
Fraction Electric Power recirculated in Accel.
Control Bars
Scram systems(S)
Seismic Platform
Main Vessel
Gross height
Diameter
Material
Walls thickness
Weight (excluding cover plug)
Double Liner
Proton Beam and Spoliation Target
Accelerator type
Number of beams
Accelerator overall efficiency1
Kinetic energy
Nominal current
Nominal beam Power
Maximum current
Spoliation Target material
Beam radius at spoliation target
Beam window
Max. power density in window
Max. Temp, increase in window
Window expected lifetime

1

Beam power/Mains Load
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1500
625
Pool
Molten Lead
0.98

MW
MW

-1.37x 10'5

+ 0.127
120
30
0.0465
none
CB4 rods
yes
30
6m
HT-9
70
2000
yes

Cyclotron
1
43%
1.0
12.5
12.5
20
Molten Lead
7.5
Tungsten, 3.0 (1.5)
113
137
s 1

MW

m
m
mm
t

GeV
mA
MW
mA
cm
mm
W/cm2
°C
year

TABLE I V.I (CONT.)
Fuel Core
ThO2 + 0.1233UO2
28.41
low act. HT-9
52.8
523
908
707
5
100

Initial fuel mixture
Initial fuel mass
Cladding material
Specific power
Power density
Average Fuel Temperature
Maximum Clad Temperature

Dwelling time (eq. @ full power)
Average Bum-up

t
W/g

W/cm3
°C
°C
years
GWd/t

Breeder Core

Initial fuel mixture
Initial fuel mass
Cladding material
U233 stockpile at discharge
Power density at end cycle
Primary cooling system
Approximate weight of the coolant
Pumping method
Height convection column
Convection generated primary pressure
Heat exchangers
Decay heat removal
Inlet temperature, Core
Outlet temperature, Core
Coolant Flow in Core
Coolant speed in Core, average
Decay Heat Passive Cooling (RVACS)
Riser channel gap width
Downcomer channel gap width
Trigger Temperature
EA Coolant max Temperature rise
Time to max. Temperature rise
Outlet air Temperature (@ max. temp.)
Outlet air Speed (@ max. temp.)
Air flow Rate (@ max. temp.)
Extracted Heat (@ max. temp.)

ThO2
5.6
low act. HT-9
242.7
3.0
10,000
Nat. Convection
25
0.637
4x375
RVACS
400
600
53.6
1.5

t

kg
W/g
t
m
bar
MW
°C
°C
t/s
m/s

500
110
17.5
273
13.4

cm
18
57
cm
600
700
°C
83.5 64.5°C
11.2
9.5
hours
302
334.3 °C
m/s
14.2 15.2

52.8
8.57

m3/s
56.1 60
MW
9.65
10.84
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There are no control bars and the power produced is controlled with the beam current. A feed-back
system ensures that the inlet temperature of the heat exchangers is maintained to the specified value. For
further safety however the ultimate shut down assembly which drops CB4 by gravity, is retained, following
the ALMR design, but slightly modified since the buoyancy of the Lead is much greater than the one of
Sodium. This simple scram system is however used to anchor the EA solidly away from criticality when
not operating. In contrast with an ordinary Reactor, in the EA there are no main elements of variability in
the neutronics of the device.
Accidental thermal run-off is ultimately prevented using the natural expansion of the coolant. In case
of an overheating of the EA, its lead level rises at the rate of 27 cm/100 °C. Such a level rise (see Figure
4.1b) is used to activate an overflow path which
(1) fills through a siphon a cavity located about 25 m above the Core, in which the proton beam is
safely absorbed. Natural convection is sufficient to remove the residual power of the proton beam,
which represents about 1/6 of the amount of the initial decay heat.
(2) fills with molten Lead the narrow gap between the vessel liner and the containment vessel,
ordinarily filled with Helium' gas at normal pressure (Figure 4.1b). The thermal conductivity
increases from the 0.03 W/m/K of Helium at 1 bar pressure to 16 W/m/K for Pb. This allows the
surplus heat to be dissipated away into the environment through air convection and radiation
(RVACS),
(3) scrams the EA to a low lvalue. Safety is also enhanced by the strong negative void coefficient and
the negative temperature coefficient (Doppler) of the fuel which operates at relatively low
temperatures.
These passive safety features are provided as a backup in case of failure of the active systems, based
on the ultimate shut-off of the proton beam from the accelerator, which brings to an immediate stop the
fission generated power of the Amplifier. These functions are achieved by passive means without operator
action. The key processes underlying these functions are governed by thermal expansion, natural circulation
of molten Lead, natural air circulation on the outer containment surface, and thermal radiation heat transfer
which becomes very effective at elevated temperatures. Our design integrates all these effects into an
efficient passive safety system which can accommodate primary coolant flow loss and loss of heat removal
of secondary transport system with benign consequences on the Core, which can survive with no damage.
The various main components constituting the EA will be separately discussed.
D.3.4.2. MOLTEN LEAD AS SPALLATION TARGET AND COOLANT

Lead constitutes an ideal spallation target, since its neutron yield is high, and it is very transparent to
neutrons of energies below 1 MeV. It has also excellent thermodynamical properties which make it easy
to dissipate the intense heat produced by the beam. As illustrated in the previous sections, Lead has also
the required properties in terms of small lethargy and small absorption cross sections to perform the
function of main coolant. Its very high density and good expansion coefficient make convection sufficient
even for large power production. Finally it is an excellent shielding material and most of the radiation
produced by the EA core is readily and promptly absorbed. There is no need to add additional internal
shields or reflectors like in the case of Liquid Sodium to protect structurally important elements inside the
vessel. The radiation dose transmitted to the outer Main vessel is very small. Hence, unlike for instance in
PWRs, its active life is very long since the neutron fluence is about 1020 n/cm2/year its radiation damage
is negligibly small (see Table V.5).

Molten Lead when compared to Sodium, has considerable advantages on safety. The void coefficient
1

The choice of helium gas is justified by the fact that the more commonly used Argon will mix with the radio-active
nuclide 4i!Ar produced by the spallation cascade.
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of Sodium is notoriously positive, namely creation of bubbles increases the reactivity. In Lead the void
coefficient is negative. The absence of void coefficient problem allows for instance a less flattened shape
of the fuel core. Hence the fuel pins in our design are substantially longer. The boiling point of Lead (1743
°C) is also much higher than the one of Sodium (880 °C) and it does not react like Sodium in contact with
air. Thermodynamic properties of both molten metals are given in Table IV .2. Saturation vapour pressure
and evaporation rate against vacuum are shown in Figure 4.2. Since these quantities are very small
(respectively 5 x 10^ Torr and 10'5 g cm"2 s" 1 ) it is possible to keep molten Lead in an evacuated region:
this feature is very important to ensure safety for the proton beam. In general, in order to have the same
pressure and temperature changes through the core for a given specific power production, the speed of
circulating Lead must be about 0.38 times the one of Sodium and the pitch in the fuel lattice must be
enlarged in order to provide a flow area which is 1.8 times larger. The flow speed of Lead in the core is
typically of the order of few m/s. The mass flow through the core is approximately doubled with respect
to Sodium. Once these changes are easily implemented the two fluids become essentially equivalent.
Notwithstanding there is little or no experience in the use of Lead as a coolant in Reactors, with the
exception of Military applications in the former USSR. For instance the use of molten Lead requires further
studies to overcome corrosion. As discussed further on, such a problem appears fully manageable.
TABLE IV.2. MAIN PROPERTIES OF MOLTEN SODIUM AND LEAD.

Melting Temperature
Boiling Temperature
Values at 600 °C
Vapour pressure
Density
Heat capacity ( by mass)
Heat capacity (by volume)
Volumic dilatation coeff. (x 104)
Therm, conductivity
Heat transfer coeff (x 104)
Dynamic viscosity (x 10'3)
Surface tension (x 10"3)
Electric conductivity (e.m. pumps)

Sodium
98
880

Lead
328
1743

24.13
0.81
1.30
1.053
3.1938
62.24

5x 10-4

3.6
0.206
146

°C
°C

10.33

Torr
g/cm3

0.15

J/g°c

1.5495

1.3935
16.45
2.3
1.55
431
9.4 xlO' 7

J/cm3 °C
o/-<-l

W/m°C
W/m2 °C
Ns/m 2
N/m
Qm

Natural Lead exposed to an intense neutron flux in the EA will become activated. Since the Lead is
circulating in the EA this activity will spread from the core to the rest of the device. Fortunately the main
activation channels are benign. Natural Lead is made of several isotopes, 208Pb (52.4%), ^Pb (24.1%),
^Pb (22.1%) and 204Pb(1.4%). If the target is ideally made of pure ^'Pb, a neutron capture will produce
^b, which quickly (t,Q= 3.25 h) decays into the stable 209Bi (with a P" decay of 645 keV end point and
no Y~ray emission) which will remain as eutectic mixture with the target material. Reactions of type (n, 2n)
occur at a level which is few percent of captures and create 207Pb, also stable. Both daughter nuclei are
stable elements and excellent target material themselves. A target with natural Lead will produce an
appreciable amount of 205Pb from captures of ^Pb and to a smaller level from (n, 2n) of ^Pb. This element
is long lived (t1/2= 1.52 107 a) and decays into stable 205T1 by electron capture (i.e. by neutrino emission)
and no y-ray emission. The Q of the decay is only 51 keV. Therefore its presence is relatively harmless.
Neutron capture properties of ^'Pb are unknown and therefore it is impossible to estimate the possibility
of further transformations. However it is likely that the main channel will be neutron capture, leading to
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the stable ^Pb. Finally 203Pb from (n, 2n) of
Pb is short lived (t1/2 = 51.8 h) and decays
into stable 203T1 by electron capture and y-ray
emission. Reactions of the type (n,p) which |
are very rare since they occur only for high |
energy neutrons, transform Pb isotopes into |
the corresponding Thallium isotopes (208Tl, I
^Tl, ^Tl and "Tl) which all p-decay quickly |
into Pb nuclei again.
&

Molten Lead

204

Vapour prreswv

The situation is more complex in the case
of a Bismuth target. Neutron captures lead to
SSO
600
650
short lived 210Bi which decays (t1/2= 5.0 d) in
Temperature CC)
2IO
Po which, in turn, decays with
t1/2 = 138 days to stable 206Pb. There is a long FJQ 42 Saturation vapour pressure and evaporation rate
lived (t1/2= 3xl06 a) isomeric state 210mBi, also against vacuum for molten Lead.
excited by neutron capture, which decays by
a-decay to short lived 206T1 (RaE), which in turn p-decays in stable 206Pb. Reactions of the (n,2n) type
would produce the long lived (t1/2= 3.68 105 a) ^Bi, which ends up to stable 208Pb via internal conversion.
Therefore a Bismuth moderator may present significant problems of radio-toxicity which must be further
examined before seriously considering such material as target. Consequently the use of Bismuth or of
Bismuth-Lead eutectic mixtures is not considered as main coolant, since Bismuth via the leading single
neutron capture produces sizeable amounts of Polonium which is radio-toxic and volatile at the
temperatures considered for the present study. However such mixture is envisaged for secondary cooling
loops because of its lower melting point (125 °C).
Additional fragments are produced by the spallation processes due to the high energy beam (see Table
V.10). The toxicity problem is investigated later on, although there is expectation that no major problems
should arise, provided the appropriate precautions are taken.
D.3.4.3. CORROSION EFFECTS DUE TO MOLTEN LEAD

Molten lead has a significant solubility for many metals (Ni and Mn > 100 ppm; Fe, Cr, Mo, 1 -r 10
ppm at 600 °C), which is a rising function of temperature (Figure 4.3). As a consequence, after prolonged
immersion some metals and alloys exhibit a significant deterioration. This is a relevant problem and it must
be mastered. Some experience on the use of Lead
and Bismuth coolants in Nuclear Reactors exists
in the former Soviet Union. Extensive studies of ?
corrosion of Lead-Lithium mixtures have been f
carried out in the context of Fusion, where a j
neutron multiplying, Tritium breeding blanket is I
necessary. For instance a steel type HT-9 |
immersed in liquid Lead for 50,000 hours i
exhibits a corrosion loss of about 80 urn at about j
500 °C [43]. In general Ferritic steels are J
moderately corroded by lead and in particular
SCO
700
they do not exhibit inter granular damage
(typically 30 u after some 3000 hours at 575 °C
for EM 12). The effect is more pronounced for .,,,-,., c , .... , ,.„
, •
, , ,
..
. . • n ,on
a u
FIG.4.3 Solubility of different metals in molten Lead.
austemtic steels (typically 120 u after the same
period at 700 °C for 800 H, where also mass transfer from the hot to cold regions is observed). Several
successful methods have been devised and demonstrated effective in order to suppress corrosion due to
prolonged hot Lead Immersion:
ID4 •

T»mp«r«Uir» CO
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1) Purification and additives to the liquid metal. When a de-oxidant (225 ppm Mg) is added to lead,
no corrosion (0 u) is observed [44] for 15 CD 9-10 loops after 28000 hours (3.2 years) of tests at
550 °C. In comparison, the same conditions and no additive would result in a corrosion in excess
of 300 \i. Similar results are obtained with Titanium or Zirconium additions to the liquid Lead,
where no corrosion is observed after 750 hours at 950 °C [45], in contrast to a 400 u for an
uncoated steel. Their beneficial effect is probably related to the formation of nitrides at the interface
Steel/Lead. The Nitrogen is contained in the Steel, if not treated beforehand. If the Zirconium is
maintained constantly the film is self-healing and its long term effectiveness is preserved.
2) Coating materials. Amongst all the coated materials which have been tested, some seem to give
the best results (i) 15 CD 9-10 low chromium steel coated with plasma sprayed Molybdenum
[46][47], where no cracking or dissolution is observed after 1500 hours at 720 °C; (ii) Aluminium
on low Chromium steel [46] where no evolution of the specimen is observed after 1500 hours at
750 °C. The coated material is prepared by heating the specimen in contact with a mixture of
aluminium oxide and Aluminium. The coating probably reacts with traces of Oxygen to form a selfhealing protective Alumina film; (iii) Z6 CN 91-9 coated with ZrN: this coating is self-healing if
Zirconium is added to Lead. These last two possibilities are considered the most promising in view
of to their self-healing capacity.
A small amount of embrittlement may also occur for some alloys (45 CD 4 and 35 CD 7) mostly around
the melting point of Lead. Liquid metal embrittlement is a reduction of the fracture strength of a metal
stressed in tension while in contact to a surface active liquid metal. This effect is enhanced when some
elements such as Sn, Sb and Zn are added to the Lead. As for 15 CD 9-10, no significant embrittlement
effect has been evidenced, even in the 320-350 °C temperature range. Hence specifications on the
maximum concentration of certain elements in Lead must be established.

In conclusion there is no doubt that some type of additives and/or coating can effectively stop corrosion
in the domain of interest [37]. But an important experimental work has to be done (non isothermal
experiments, effects of cyclic load and so on).
D.3.4.4. THE PROTON BEAM

The proton beam (= 10 mA) after acceleration and beam transport is brought to the Amplifier by
conventional beam transport and a 90 degrees bending on top of the vessel. The amount of power of the
beam is comparable to the one envisaged in Neutron Spallation sources under design [48]. The magnetic
bending helps also in separating leakage neutrons, which are absorbed in an appropriate beam dump. By
switching off the bending magnets of the last bending, the beam can be safely diverted to an appropriate
beam dump. An appropriate but conventional design of the beam channel allows to perform the switch to
the beam dump in a time of the order of 1 millisecond, which is extremely short in view of the thermal
inertia of the Amplifier. The beam, focused by conventional quadrupoles, traverses the whole beam
penetration tube and enters in the lead coolant and target through a window made of Tungsten = 3 mm
thick. The material has been chosen for its high melting temperature (3410 °C), its excellent thermal
conductivity, its high mechanical strength1 and acceptable activation properties. In addition it exhibits a
negligible corrosion by molten Lead [49].
The beam spot size is determined by the physical distance from the focal point (= 30 m), where a
narrow collimator has been installed (see paragraph D.3.3.6). This arrangement ensures that the beam size
at the window cannot become abnormally small, for instance as the result of a miss-steering or a failure of
1

The use, for example, of alloys like Tungsten-Rhenium can further enhance the mechanical resistance of the
window and its weldability. In particular such an alloy has a higher re-crystallisation Temperature (1650 °C vs. 1350
°C for pure Tungsten). However it has a considerable disadvantage, namely the thermal conductivity is about a factor
2 lower. Note that the operating temperature of the window is about 540 °C and the incipient re-crystallisation
temperature is considerably higher (1150 °C).
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the beam transport. The proton beam window has a spherically curved profile and it is cooled by the bulk
of the Lead coolant circulating in the target region at a speed of the order of a few m/sec. At the window
the proton beam spot size has a parabolic profile, 27 Ar02[l -r2/r02] with 2>"o = 15 cm corresponding to a
peak current density of 113.2 ^A/cm2 for /„= 10 mA. Montecarlo calculations show that the beam deposits
about 1% of its kinetic energy in passing through the window, mostly due to ionisation losses, namely =
95 kW, with a peak power density in
Proton beam
the centre of 113 W/cm2, which is
comparable to the peak power density
of the fuel rods. The same Montecarlo
calcula-tions, in excellent agreement
with experimental data [50] have been
used in conjunction with a fluiddynamic code to predict the
temperature and flow of the coolant
HT-e
and the conditions of the window1. The
Evacuated Volume
maximum tem-perature rise for the
Tungsten and the surrounding Lead is

.1

J,

respectively AT = 137 °C and AT = 107
°C. Thermal stresses associated with
beam intensity variation have been

estimated and found largely within the
limits set by the properties of the
material2. We have reduced such
thermal stresses by reducing the
thickness of the window from 3 mm in
the welding of the pipe to 1.5 mm in
the centre of the hemisphere, along the
beam axis and were most of the energy
is released (see Figure 4.4). More

1.5mm

*
i

Load How direction

generally the energy deposited by the Fig. 4.4 Layout of the beam window
beam predicted by the Montecarlo
calculations is pictured in Figure 4.5. The temperature profiles of the window and of the surrounding Lead
are shown in Figure 4.6 for a local Lead speed of 5 m/s. The main parameters of the final beam transport
in the Vessel are listed in Table IV.3.
The window should safely withstand accidental power densities which are more than one order of
magnitude larger than the design value. The expected peak radiation damage in the window after 6000
hours at full beam intensity is of 171.1 d.p.a. and the associated gas production are of 1.1 x 104 He (appm)
and 9.97 x 104 H (appm). These values are reasonable but suggest that the window should be periodically
replaced. A high quality vacuum ( ^ 10"* Torr) in the final beam transport and in the Accelerator is easily
ensured by differential pumping and a Cold Trap in which Lead vapour will condense. The low Lead
vapour pressure in the last part of the beam transport (~ 5 x 10^ Torr at 600 °C) has no appreciable
influence on the proton beam which has a high rigidity and penetrating power.
In the unlikely possibility that the proton beam will persist even for instance if the main cooling system
of the Amplifier would fail, a totally passive system (Figure 4.7), driven by the thermal dilatation of the
Lead coolant will ensure that an enlarged volume region, sufficiently massive to stop the proton beam will
be automatically filled with liquid Lead, the Emergency £eam Dump Volume (EBDV). A shut-off valve
' The thermal hydraulic model has been built using the code STAR-CD [51] and describes at the same time, the
thermal behaviour of the lead (liquid) and of the beam window (solid).
2

The static structural analysis of the window has been performed using the code ANS YS [52]. The model developed
used detailed pressure and temperature maps coming from the thermal hydraulic calculations.
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Map of the energy deposit of a 1 GeV proton into the FEA target
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FIG 4 5

Contour Map of the Energy Deposit of a 1 GeV Proton into the F-EA Target

at the bottom of the volume ensures that the whole beam pipe is not filled with Lead This measure has no
character of necessity, but only of convenience Indeed in the unlikely case that the Tungsten window
would break, liquid Lead will nse, such as to fill completely the pipe and the Emergency Beam Dump
Volume, though at a slightly lower level, but still sufficient to kill the beam and bring the Amplifier safely
to a halt It has been verified that convection cooling can safely transfer the heat produced in the EBDV
(10 MW) to the main Lead coolant This method is applicable because of the high density (10 55 g/cm3)
and the low vapour pressure (= 5 x 104 Torr at 600 °C) of the molten Lead (Table IV 2)
D 3 4 5 FUEL DESIGN AND BURN-UP GOALS

Fuel and Breeder elements are loaded in the form of thin rods (pins) Pins are clustered in subassemblies, each with a pre-determmed number of pins, arranged at constant pitch roughly in an hexagonal
configuration Pins are made of small oxide pellets inserted in a robust steel cladding Each pin has two
extended void regions, called "plenums", one at each end, intended to accumulate the gaseous fission
fragments The pins are kept separate by a wire wrapped around the pin, which also improves the
coolantflow The main parameters of the fuel assemblies are listed in Table IV 4 They are quite similar
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TABLE IV.3. MAIN PARAMETERS OF THE FINAL BEAM TRANSPORT TO THE VESSEL
Beam pipe material
Beam pipe shape
Beam pipe length
Beam pipe external diameter
Beam pipe thickness
Window material
Window shape
Window external diameter
Window thickness (edge.centre)
Beam radius at spallation target
Values for 1 GeV, 10 mA beam
Lead coolant nominal speed
Heat deposition in the lead
Max. Temperature increase of Lead
Heat deposition in the window
Max. Temperature increase of window
Max. power density in window
Max. thermal window stress1 (britt, duct)

HT9
cylindrical
-30
20
3
Tungsten
hemispherical

m
cm
mm

20
3.0, 1.5
7.5

cm
mm
cm

5.0
6.97
107
95
137
113
48.2, 82.2

m/s
MW
°C
kW
°C
W/cm2
MPa

to the ones used in Fast Breeders
(FB).
But in order to adapt these well
proven designs to our case we
must (1) modify the pitch between
550
pins to the different thermoWlndotr fnner surface)
dynamical properties of the Lead
500coolant when compared to Sodium
Lead at the windtnr
450and (2) reduce the coolant
pressure losses through the
plenum region. The temperature
and pressure drop across the core
must be adjusted to the
300
40
50
90
30
60
70
requirements
of convective
Angle from the beam axis (degree)
cooling. We have chosen two
different, subassemblies with
different pitches: a wider pitch is FIG. 4.6 Temperature profiles of the beam window and the
used in the central part of the core surrounding Lead.
where the specific power is larger.
The flat to flat distance is the same for all sub-assemblies but the number of pins is slightly different to
accommodate the two different pitches.

The bum-up of an ordinary reactor varies from the 7 GW x d/t of a natural Uranium fuel of CANDU
reactors to the 30 -r 50 GW x d/t of enriched Uranium in PWRs. The fuel burn-up of the EA is of the order
1

Tensile strength of Tungsten at 550 °C: 380 MPa
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of 100 GW x d/t, averaged over the fuel volume. The most exposed pins, if no intermediate shuffling is
performed will accumulate about 200 GW x d/t. The practical final burn-up is determined

TABLE IV.4. MAIN DESIGN PARAMETERS OF THE FUEL-BREEDER ASSEMBLIES
Pins
Outer diameter

FFTF
5.84

Cladding thickness
Wrapper wire thickness

0.38
1.42

Cladding material
Active length
Void length (total)
Void outer diameter
Void cladding thickness
Max. clad temperature
Average power/met, fuel
Max. radiation damage

HT-9
91 (+?)
162
5.84
0.38
700
100

EFR
8.2;
0.52; 0.6'
1.75
many
100 (+24)
120
8.2
0.52

« 100

Monju
Hexag.

FFTF
Hexag.

EFR
Hexag.

No hexagonal rounds

8
217
4.7

10

120
7.26

192

6.5
0.47
675
121

« 120

Sub-Assemblies
Configuration

No of pins
Total length
Flat to Flat
Pitch between pins
No units-fuel(IC+OC)
No units-breeder

Monju
6.5
0.47
1.75
SUS316
93 (+65)

3,311,69'
4.8
188
9.95
387
78

F-EA
8.2
0.35
HT-9
150
180
5.0
0.35
692
60
= 34

mm
mm
mm
cm
cm
mm
mm
°C
W/g
dpa/y

F-EA
Hexag Hexag
(1C)2. (OC)3
10
331

8.25

11
397
5.3
m
234
mm
12.43 11.38 mm
120
42

not only by the losses of fuel quality due to FF captures, but also by (1) radiation damage of the supporting
structures; and (2) pressure build-up of gaseous fission fragments. These two effects are briefly reviewed:
1) Radiation damage of the pins. Note that for a given power yield, the flux in the case of 233U is
smaller than the one of B9Pu in a FB by a factor 0.64 due to the difference in cross sections.
Therefore 150 GW x d/t for a Thorium based EA produce an integrated neutron fluence through
the cladding / <f>dt equals to the one after about 96 GW x d/t in a FB. Considerable experience
exists in burn-up tests for fuel pins in FB. Based on this extensive experience, a limit of about 100
-=-120 GW x d/t is a current goal value for most of these designs. A reasonable goal for the
radiation damage in the Amplifier will then be 160 -r 180 GW x d/t for the most exposed pins. A
burn-up of 100 GW x d/t in our case corresponds to an integrated neutron fluence through the
cladding of J <f> dt = 3.3 x 1023 n/cm2. The most exposed pins will accumulate about twice such
a fluence. The effects on the properties of the HT-9 steel used have been exami-ned [53]. The
conclusion is that we expect ~ 34 d.p.a./year for the most exposed pins. A reasonable ultimate limit
1

The two values correspond to the fuel and breeder resp.

2

Inner core
Outer core

3
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applicable to this material is
225 d.p.a. A five year lifetime
is
therefore
reasonable.
Likewise other effects, namely
He
production
and
embnttlement appear fully
acceptable.

|To beam transport &
accelerator vacuum

Evaporation rate

.10'
i' g /cm
2) The fuel material in form of
(mixed) Oxides will undergo
considerable damage and
structural changes in view of
Emergency beam dump
the considerable fraction which
1 meter
volume
(Lead filled)
is burnt and transformed into
FFs. The behaviour of ThO2 is Normal lead level
(atmospheric pr)
not as well known as the one of
the UO2 which is presently
universally used. However, the
thermal conductivity, the
expected mechanical properties
Beam focal point
Beam collimator
and the melting point of ThO2
are more favourable than in the
case of UO2 and we do not
anticipate any major problem
For these reasons we have
Evacuated beam tube
(residual Pb vapour pressure
chosen at least at this stage the
Q 600 " C - 5 Id Torr)
rather conservative average
power density of p - 55 W/g1.
The most exposed pins will
Tungsten beam
operate at p = 110 W/g. The
window & tip
temperature of the fuel
Beam diameter
(- 15 cm)
averaged over the core is then
908
°C.
The
average
temperature of the most FIG. 4.7 The Emergency Beam Dump Volume (EBDV).
exposed pins is then 1210 °C
—
and its corresponding hottest point 2350 °C, well below the melting point of ThO2 which is 3220 °C
5

2

4

3) Some space must be provided for the fission fragments, which have in general a significant
mobility, especially at high temperatures. The pressure build-up is not very different for different
fissionable fuels and therefore the volume of the plenum for the gases due to FFs has been
calculated taking into account the mechanical properties of the cladding under a specified pressure
increase, assuming that all gaseous products escape the fuel. The plenum fractional volume turns
out to be essentially the same as the one of the conventional pin designs for Fast Breeders (ALMR,
EFR etc.). The hottest point of the cladding is 707 °C, well below the structural limits of the steel
of the cladding2. Note also that, when compared to Sodium cooled pins, we are dealing with a
single phase coolant with negative void coefficient.
We have therefore taken as reference parameters for our design pins (Figure 4.8) which are essentially
the same as those used in our "FB-models" designs with, however, the following changes
(1) longer fuel pins to improve neutron containment in the core (1.5 m);
' This value is about one half of what is currently used in SuperPhenix and Monju
The corresponding value for Monju is 675 °C

2
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(2) a larger, variable pitch to accomodate the differences in hydraulics of molten Lead in a convective
regime. Two different pitches have been used, a wider one for the Inner Core and a tighter one for
the Outer Core;

(3) an appropriate "plenum" to ensure the required bum-up, but with smaller diameter and
correspondingly more elongated in order to reduce the pressure drop through the core;
(4) cladding made of steel with low activation and small corrosion rate by molten lead (HT-9). More
research work is still required to ensure an effective protection against corrosion ( see paragraph
D.3.4.3).
500mm
035mm

Fuel Pin

Fuel Lattice

Steel Cladding T
Pitch (12.43 mm, 11 38 mm)

Void
Void - -•-

Fuel

Fuel

i LJ

FIG. 4.8 Pin layout.

The general layout of the two fuel subassemblies is shown in Figure 4.9. Many of these subassemblies
which have all the same flat to flat dimensions are arranged in a continuous, quasi circular geometry with
an empty central region for the Spallation Target assembly and the molten Lead diffusing region. A few
hexagonal elements are left empty for the scram device and other control functions.
The Breeder is designed to compensate for the reduction of the B3U stockpile during the long bum-up
and the inevitable losses due to reprocessing. Especially if the EA is started well below the breeding
equilibrium, such an additional amount is small. Hence the breeder mass is typically some 20% of the total
fuel mass. For simplicity, the pin and subassembly geometry have been taken to be the same as in the case
of the Fuel elements. Toward the end of the fuel cycle, some significant power is produced also by the
Breeder (p = 3.0 W/g), though much smaller than in the Fuel.
During successive fuel cycles, the isotopic composition of the Uranium changes, especially due to the
production of a substantial amount of 23*U. In order to accomodate the extra mass some additional 20 cm
of the fuel pin are left initially empty and progressively filled. Hence for asymptotic fuel composition, the
active length of the fuel pins may be increased to as much as 1.70 m.
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Fuel Bundle: Inner Core

Fuel Bundle: Outer Core
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F/G. 4.9 General layout of a fuel sub-assembly.

Small amounts of Trans-uranic elements (Np, Pu and Am) and long lived "'Pa are separated out during
each reprocessing and re-injected in the EA for final incineration. It is convenient to insert these materials
in special "incineration" pins which undergo no successive periodic reprocessing at least until a major
fraction of the isotopes is incinerated. These pins have a much shorter fuel section and a much larger
"plenum" section, to allow build-up of fission fragments. The lifetime of the cladding is limited by
radiation damage. We have already estimated that the ordinary fuel exposure accumulates = 34 d.p.a./year.
Assuming an ultimate cladding lifetime of 250 d.p.a. these pins may last 7/8 years. After this time they must
be reinforced with a second, fresh cladding or equipped with a new one. In order to ensure the fastest
incineration these pins must be located where the flux is the highest, namely near to the target region.

The operating temperature of the plant is application dependent. In our basic design we have retained
the choices of the reference design, which calls for a fuel outlet temperature of about 600 °C. It must be
noted however that in principle the Lead coolant could permit a somewhat higher operating temperature,
which is advantageous to increase the efficiency of the conversion into electricity and eventually to produce
synthetic Hydrogen [4]. Evidently additional research and development work is required in order to safely
adapt our present design to an increased operating temperature. In particular the cladding material of the
fuel pins may require some changes, especially in view of the increased potential problems from corrosion
and reduced structural strength1.

1

Titanium based alloys have been studied for the Fast Breeder and may be an interesting development for our

application. In particular the corrosion of molten Lead on Titanium is very low.
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D.3.4.6. CORE LAY-OUT AND MAIN PARAMETERS

The EA is based on a highly diffusive structure (molten Lead) in which a number of fuel elements are
inserted. In absence of fuel, spallation neutrons produced roughly in the centre of the device will diffuse
and loose adiabatically energy until either they are captured or they escape. If fuel is inserted gradually in
the molten Lead medium, both the captured fraction in Lead and the escape probability will decrease. The
fuel properties will gradually influence the neutronics. We consider as reasonable design parameter an
escape probability <.\% and captures in the Lead moderator of the order of 5-6% (Table IV.5). Note that
TABLE IV.5. TYPICAL NEUTRON CAPTURE INVENTORY OF A EA.
Zone-Wise

Fraction

Core
Blanket
Plenum
Diffuser
Beam Tube + Window
Main Vessel
Leakage

0.8879
0.0456
0.0277
0.0309
0.0005
0.0073
0.0012

Material- Wise
Fuel (Th + U)
Breeder (Th)
Lead of which
Diffuser
Plenum

Fraction
0.8493
0.0427

Core
Blanket

Lead Total
Structures of which
Cladding
Window
Main Vessel
Structures Total

Leakage

percentage
(48.75 %)
(12.11 %)
(37.13 %)
(2.01 %)

Abs. Fraction
0.0305175
0.00758086
0.02324338
0.00125826
0.0626

percentage
(83.28 %)
(1.03 %)
(15.69 %)

Abs. Fraction
0.03780912
0.0004676
0.00712326
0.0454
0.0012

in an EA the neutron inventory is of primary importance and that these losses must be as small as possible.
While in an ordinary PWR losses can be easily compensated with a more enriched fuel, the necessity of
full breeding does not offer much degrees of freedom in an EA. On the other hand the void coefficient for
molten Lead is negative and therefore the rather awkward measures ordinarily taken in a Sodium cooled
device are no longer necessary. In particular one does not need to make the shape of the fuel core "pancake"
like. A more spherical profile improves the neutron containment and hence the losses in the moderator.
Because of the long migration length in the Lead medium, these parameters are largely independent
on the detailed geometry of the fuel and depend primarily on the fuel and diffuser masses. The core can be
ideally divided into three concentric regions. The first region (the Spallation Target) has no fuel and it is
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naturally filled by the molten lead. In this volume beam particles interact to produce primary neutrons. The
radial size of such a volume has to be sufficiently ample in order to ensure that the neutron spectrum is
made softer by the occurrence of (n,n') inelastic interactions in Lead. In this way the spectrum at the first
fuel element is softened sufficiently as to ensure a minimal radiation damage to the structural materials and
to unifonnise by diffusion the vertical illumination of the fuel pins. We have chosen a radial distance of
the order of z 40 cm. With this choice, the calculated spectrum at the edge of the target region is not
appreciably different from the one in the core. The second region is the Main Fuel region, in which a
variety of fuels can be inserted (generally subdivided in two parts, the Inner Core and the Outer Core with
different pitches), followed by a third region, the Breeder region, initially loaded with pure ThO2 breeding
material.
The nominal power of 1500 MW, requires 27.3 tons of mixed fuel oxide at the average power density
of 55 W/g. The duration of the fuel is set to be 5 years equivalent at full power. The average fuel bum-up
is then 100 GW d/t-oxide. The main parameters of the Fuel/Breeder core are listed in Table IV.4. As
already pointed out the breeding equilibrium concentration of B3U, referred to 232Th is ^= 0.126. With such
a high concentration there is obviously no problem in setting the wanted value of k and eventually even of
reaching criticality. However with continued bum-up the fraction of captures due to FFs, AL~ will grow
linearly with time, absorbing for instance about 6% of all neutrons at 100 GW x d/t and causing a
corresponding reduction in the criticality. The reduction of the multiplication coefficient Ak~= -(r)e/2) AL
will be very large. For instance, if initially we have k = 0.98 and G= 120, after 100 GW x d/t, k = 0.90
and G = 26.0. Such fivefold decrease of gain would be completely catastrophic. It is therefore preferable
to start with a 233U concentration lower than the breeding equilibrium and let it grow toward such a limit
during burn-up. As already pointed out in paragraph D.3.2.7 one can realise a first order cancellation
between the approximately linear rise of the FF captures and the exponentially approaching breading
equilibrium. This leads to a much smaller initial ^"U concentration, x = 0-105.
D.3.4.7. CONVECTF/E PUMPING
Convection pumping is realised with the help of a sufficiently tall Lead column in which the warm
coolant from the Core rises as a result of the large value of the Lead expansion coefficient, 1.32 kg m"3K"'.
The coolant returns to the Core after being cooled down to the initial temperature by the heat exchangers.
The pressure difference generated in the loop by the convective pumping action is given by AP = KAThg,
where AT is the temperature change, K is the coolant expansion coefficient, h is the height of the column
and g the gravity acceleration constant. Typically for AT = 200 °C, h = 25 m, we find AP = 0.637 bars!
Such a pressure difference is spent in order to put into movement the coolant and in stationary conditions
it is equal to the sum of the pressure drops in the loop, primarily the pressure drops across the Core and the
Heat exchangers. The pumping power required to move a volume V = 10 m3/s of coolant with a pressure
difference AP across the Core is W
= VA P = 0.647 MW. Such power must evidently be produced by
the convective pump.
In order to dissipate a power q produced by nuclear reactions in the pin with a resulting temperature
difference AT, the coolant must traverse the core with a speed v given by

v =
where fa is the flow area and p and are cf respectively the density and specific heat of the coolant. For
cylindrical pins of radius r= [r~r ] of the fuel and the plenum respectively arranged in an infinite hexagonal
lattice of pitch p, the flow area is/a = v3p2 /2-jn2 Neglecting end effects and the temperature dependence
of the parameters, the pressure drop through the core AP consequent of a given flow speed v in the fuel
which the pump must supply is given by
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where x is a geometry dependent factor, / = lf+ /pthe pin length, divided in the fuel section and the plenum
section; r\ is the friction factor, function of the Reynolds number, which in turn depends on the viscosity
u.; de=[dej,de ] is the effective diameter of the fuel and the plenum and, function of the coolant flow area
fa ~\frfp\ an<^ °f ^e so-called wetted perimeter. Additional corrections which typically amount to a
maximum of 8% are due to the abrupt changes of the coolant flow area:
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where /„ is the free flow area. With these corrections, the results of the formula [54] are in excellent
agreement with the full hydrodynamic code COBRA [55].
In practice we take the temperature difference AT as an input design parameter, which determines the
primary pressure difference APfamy for a given
convective pump column of length L. Such pressure
difference must get the coolant through the Core, the
heat exchangers and the full loop (> 2L long) at a
sufficiently high speed as to transfer the large 5
amount of heat produced from the Core to the i
secondary loop. In order to provide sufficient margin f
for the other pressure drops, somewhat arbitrarily we *
have set the pressure drop across the core to
0.7 AP pump', setting in this way the pressure and the
temperature differences across the core. The pitch
size of the lattice can be adjusted next in order to set
the coolant speed v through the core to the value FIG. 4.10a Power density in the pins as a function
required by the actual power density and by AT. of pitch.
The resulting pitch and coolant speed as a function
of the power density in the pins is given in Figure
4.10a and Figure 4.1 Ob for L= 25 m and different
temperature differences in the range 150 °C to 250
°C. They appear quite acceptable.
f

t

t

•

I

I•

1

•

1

mm inwn;

Since the power density produced in the fuel I
rods is falling about linearly with the inverse of the I «°
radius, the resulting pitch will be a smooth function
of the core radial co-ordinate, leading to a pitch size
decreasing with radius. In practice and in order to
permit the same flat to flat dimensions for the fuel
bundles across the core and a given fuel pin radius, _r_ „ ,„, „
, . . , .
,,
„
.,. , ° . , .
,.
_ FIG.4.10b Power density
J in the pins as aJ function
we have actually quantified the pitch into discrete
*
values corresponding to different number of integer *
"
rounds of hexagonal shape. This leads to some
residual radial dependence of AT, which is partially absorbed by natural mixing along the convective
column and it should be compensated restricting the flow for instance at the entry of the fuel bundles.
Evidently a radial pitch variation affects also the neutronics of the core, which in turn has effects onto the
power density. Hence, all these parameters have to be recurrently adjusted to their optimal values.
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The motion of the warm coolant in the convective column is the key to the convective pumping and
it has been carefully simulated with help of the full hydrodynamic code. The actual temperature and speed
distributions at the exit of the core have been used as input in a simulation of the rising liquid.
The speed and temperature of the coolant gently homogenise along the path through the column as
shown in Figure 5.12 in the following section. The programme described in paragraph 5.5 to which we
refer for more details reproduces the main results of our simpler analysis.
The previous calculations are made for the nominal power of the EA and stationary conditions. It has
been verified that correct cooling conditions persist over the full range of conceivable powers, including
decay heat and major transients. In general, convective cooling has "self-healing" features, namely the
pumping action is directly related to the amount of power to be transported.
In stationary conditions and at the nominal power, the = 10,000 tons of coolant will flow through the
core at the rate of some 52 t/s, corresponding to a turn-around time of the order of 200 seconds for a total
length of the loop of the order of 50 metres. In view of the large mass of the coolant, a considerable
momentum is stored in the coolant during normal operation and it has considerable effect in (fast) changes
of condilions.
D.3.4.8. SEISMIC PROTECTION

As already pointed out in order to reduce capital costs and increase flexibility large portions of the EA
plant should be standardised. Furthermore, to gain public acceptance, the plant must be reliable and should
have passive inherent features. Seismic design can play a major role in achieving a standardised design
which could accommodate a range of seismic conditions. One approach to standardisation would be to
design a plant using traditional methods for a Safe Shutdown Earthquake (SSE) which envelopes the
responses of 90 percent of existing nuclear sites in the USA. This is the present licensing seismic basis (RC
1.60) and it calls for a maximum horizontal and vertical acceleration (PGA) of 0.30 g.
This approach, however, would lead to high seismic loads, especially in components and equipment,
and would still exclude for instance California sites and limit the export potential of these plants to high
seismic countries such as in the Pacific Rim region. Liquid Metal designs which consist of thin walled
vessels designed to accommodate large thermal transients under low operating pressures are more sensitive
to seismic loads and thus the EA would be particularly penalised by this approach. An appropriate design
of a modular EA requires to be able to accommodate a variety of seismic conditions expected at a wide
range of sites, from deep soil sites with a minimum shear wave velocity to stiff rock sites.
The alternative is to seismically isolate the plant. Several studies performed in Japan have shown that
it would not be possible to design large LMR plants which are economical in areas of high seismicity
without incorporating seismic isolation [56]. In an isolated plant, the design and qualification of equipment
and piping and their supports become a simpler task than it is today and the impact of seismic design on
preferred equipment layouts is minimised. Since the response of isolated structures is highly predictable,
the risk of accidents due to uncertainties in the input motions is reduced, safety margin is increased, and
plant investment protection is enhanced. Additionally, if seismic design criteria are upwardly revised, for
example due to the discovery of unexpected geo-tectonic conditions, the standard plant design would
probably not have to be altered and only the isolation system would need to be upgraded.
Seismic isolation is a significant development in earthquake engineering that is gaining rapid worldwide acceptance in the commercial field [57]. This approach introduces a damped flexible mechanism
between the building foundation and the ground to decouple the structure from the harmful components
of earthquake induced ground motion, thus resulting in significant reductions in seismic loads on the
structure and more significantly on equipment within the structure. In recent years, seismic isolation of
nuclear structures has been receiving increased attention. To date, six nuclear power plant units in France
and South Africa have been isolated. It is expected that seismic isolation will play a major role in the design
of the advanced nuclear plants of the future in the US as well as in Japan and Europe.
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Several technological advancements are responsible for making seismic isolation a practical alternative.
These include the development of highly reliable elastomeric compounds used in seismic bearings which
are capable of supporting large loads and accommodating large horizontal deformations during the
earthquake without becoming unstable. Additionally, the development of high damping elastomers and
other mechanical energy dissipators has provided the means to limit the resulting displacements in the
isolators to manageable levels. Other factors include the availability of verified computer programmes, the
compilation of reliable test results of individual seismic isolators under extreme loads, shake table tests for
evaluating system response, and validation of computer programmes and confirmation of the response of
isolated buildings during earthquakes [58].
Seismic isolation has been included in the EFR and in the ALMR designs. Most of this work is relevant
also to our case. The ALMR design calls for a seismically isolated platform which supports the reactor
module, containment, the reactor vessel auxiliary cooling system and the safety related reactor shut-down
and coast-down equipment. The total mass to be insulated is of the order of 25,000 tons. The fragility of
components appears greatly improved by insulation [59]. Some model tests have confirmed the results of
these estimates [60]. Our present design can include most of the features of the ALMR design.
D.3.4.9. DECAY HEAT REMOVAL BY NATURAL AIR CONVECTION
Nuclear industry has developed a number of passive natural convection air cooling systems to remove
decay heat in the unlikely event that all active cooling systems of a reactor fail [ 11 ] [61 ]. We have applied
the design made for the ALMR (RVACS) to the EA, in order to study the behaviour of our system in caseof
such an event1.
The application of the RVACS to the Fast Energy Amplifier is illustrated in Figure 4.1b.
In the unlikely case of a scram event in which all the active cooling systems fail to operate, the heat
produced by the fission products decay in the core increases the average temperature of the lead contained
in the vessel. Lead expands (the level rising at the rate of 27 cm/100 °C) and when its temperature exceeds

a determined safety margin, it overflows into a narrow gap between the main vessel and the containment
vessel. This gap is normally filled with Helium which ensures a reasonable thermal isolation during normal
operations.
The containment vessel is in contact with ambient air entering the system through a cooling channel.
Air reaches the bottom of the vessel through a
downcomer channel which is thermally isolated from
a riser channel, in direct contact with the vessel.
When the lead fills the gap, a good thermal
contact is established between the main and the ?
containment vessels, and heat can be transferred to the air in the riser channel. Air temperature increases, *
and a natural circulation starts. Air draft is enhanced
if a long chimney (about 30 m) is added at the end of
the riser channel. The downcomer and riser channels
consist of two annular regions around the vessel of
respectively 18 and 57 cm thickness. In such
conditions, for a vessel temperature of 500 °C, the air FIG. 4.11 Decay heat generation and heat removal
velocity attained in the hot channel is of the order of rates during a scram event.
10 m/s, corresponding to a flow rate of 53 m3/s. The
1

We built a thermal-hydraulic model using the code STAR-CD [51]. The numerical model simulates the natural convection of
air in the system, by taking into account convective and radiative heat transfer from the surface of the vessel to the air cooling
channel.
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average outlet temperature of the air is about 177 °C and the heat removal rate of the order of 6.5 MW,
which is linearly dependent on the vessel temperature.
Decay heat is therefore extracted by a simultaneous process of internal (lead) and external (air) natural
convection, conduction (through the steel of the vessels) and radiation (from the external vessel into the
riser channel).
The core decay heat generation and the RVACS heat removal rates during a scram event are shown in
Figure 4.11. At the beginning the decay heat generation is at a much higher rate than the heat removal.
Consequently, the lead heats up very slowly, thanks
to the large thermal capacitance of the F-EA. The
RVACS heat removal rate increases slowly with the
gradual increase in the reactor vessel temperature.
When the decay heat generation rate and the heat _ 70°
removal rate are equal, the system reaches its highest |
temperature. From then on, the removal rate exceeds |
the decay heat generation rate, and the average | «°°temperature of the vessel slowly decreases.

The thermal transient experienced by the F-EA
vessel for different starting temperatures is shown in !
r,m. .«.,.*»»-.c
Figure 4.12. It consists of a slow increase over many
hours to a peak temperature followed by a gradual _, _
„ _ ,
cool down. The peak temperature is reached much FIG~4J2 Evolution °fthe vessel ^mperature durmg
earlier (and has a lower value compared to the a scram even •
starting temperature) in the case of higher starting temperatures, since the heat removal rate is higher.
The RVACS is based on the natural mechanism of lead dilatation and air convection. It is therefore
completely independent on active components or operator actions, and insensitive to human errors.
D.3.4.10. MISCELLANEA

The on-line, continuous determination of the multiplication coefficient k is essential in order to monitor
the correct operation of the EA. The method we propose is based on the lifetime of the fast neutrons after
a sudden shut-off of the proton beam (source). This is easily performed gating-off the ion source for a
period of time of the order of a few hundred microseconds. The effects on the RF-cavities of suddenly
removing the beam load is still being investigated, but it should be manageable by the control system. The
time of the neutron activity is roughly exponential, with a time constant proportional to l/(l-k). Monitoring
of the k-value can be performed continuously as a part of the standard operation mode of the Accelerator.

Scram devices are used to anchor the k of the EA to a sufficiently low value during shutdowns,
emergencies, etc. This is performed with the help of a series of blocks of CB4) conveniently located
throughout the Core. This material is very effective: about 20 kg of CB4 diffused uniformly throughout the
core produce a reactivity change Ak = - 0.04. There are three types of such devices: (1) ordinary scram,
performed with an appropriate, fast-moving mechanical device, (2) emergency scram, based on the design
of the ALMR "ultimate shut-off in which many small spheres of CB4 are dropped by gravity inside an
evacuated tube which descends to the Core, and (3) the Molten Lead Activated Scram (MLAS), associated
with the siphon overflow triggered by the excessive expansion of the Lead and consequent level increase
in the vessel. As already amply discussed, this trigger activates also the RVACS to convey the extra heat
to the surrounding air and blocks the proton beam from entering in the core region, filling with Lead the
emergency beam dump volume (EBDV).
The conceptual design of the MLAS is shown in Figure 4.13. If the molten Lead is penetrating through
the siphon, RVACS dedicated volume etc., a small fraction fills the long thin tube descending down to well
below the core region. At this depth the pressure of the liquid will be of the order of 30 atm, which is amply
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sufficient to push upwards the CB4 blocks well
G.S overflow
Lead
Overflow
inside the core. A second tube is used to exhaust the
inlet
neutral gas (Helium) which is normally filling the
tubes. The CB4 blocks, in presence of Lead, will be
held firmly in place by the buoyancy of the liquid.
A lead purification unit is needed to remove
impurities from the liquid and to ensure that the
required additives against corrosion are effective.
The detailed parameter list of this device is for the
= 4 1 cm. L = 1 5 m)
moment largely unknown, pending the results of the
Inserted Position
corrosion studies (see paragraph D.3.4.3). Some way
(Lead In Tube)
as to heat-up the Lead whenever appropriate is also
necessary.
B C rod pushed upwards
by the Lead pressure
The heat exchangers are relatively conventional,
except that they must be designed in order to
introduce a small pressure drop across the primary
4 1 cm, L = 1 5 m)
circuit in order not to hamper natural convective
Sand-by Position
cooling. At this stage we have assumed that the
(No Lead n tub*)
pressure drop is about 1/3 of the one across the main
Core. We have verified that this choice is not critical
to the performance of the convective cooling. We
have indicated that the primary coolant should not
contain an appreciable amount of Bismuth because CT/^ ,,-,,-,
, r\ •
st*r*c
,
•
.,
™_.
- j
FIG. 4.13 Conceptual Design of MLAS.
of activation problems. This precaution does not
apply of course to the secondary loop which can be filled with a Lead-Bismuth eutectic mixture. The Pb-Bi
eutectic mixture has a melting point in the vicinity of 125 °C and it has been chosen to avoid freezing of
the coolant in the transmission line.
The EFR design has foreseen a convection driven cooling loop which performs a function similar to
the RVACS. If considered necessary it could be added also to our design, although it is introducing a
duplication which may be redundant. It could be considered as an alternative to the RVACS system. In the
EFR design the decay heat is extracted by six additional heat exchangers of 15 MW each which reject
excess heat directly in the environment. These Hired Cooling Systems (DCS) consist each of a (LeadBismuth eutectic mixture) filled loops. These loops extract heat from the hot pool of the primary molten
metal by immersed Pb/Pb-Bi heat exchangers and reject the heat to the environment with Pb-Bi/air heat
exchangers located well above the pool level. One of these DRC units relies exclusively on natural
convection heat transfer and natural draught on the air side. The other is normally operated with forced
flow. Each loop is equipped with an electromagnetic pump and two fans in parallel on the air side. These
active loops possess passive heat removal, if pumps and fans are off to about 2/3 of that of the active flow
mode. A special Pb-Bi heat exchanger freezing protection insures that the temperature in individual pipes
cannot fall below 140 °C.
A large number of monitoring devices are required to follow the radiation monitoring, neutronics, the
hydraulics (speed and temperatures) and the potential corrosions due to molten Lead.
4

D.3.4.11. CONCLUSIONS

In this section, we have presented the conceptual design of an EA with a power rating (1500 MWt, 675
MWJ that is of direct relevance to the modules presently considered by nuclear industry to meet the needs
of utilities. Such a machine represents in our view a real breakthrough in the prospects of nuclear energy
in setting the highest standards for safe and economical operation, coupled with realistic solutions for waste
disposal and non-proliferation issues.
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The machine is always subcritical. There are no control bars and in normal operation, the level of power
is controlled entirely by the accelerator beam via a feed-back loop. The separation between the accelerator
vacuum and the active medium (a "frequently asked question") appears entirely solved by a specially
designed window that would be routinely changed once a year. Even if the window broke, which is
unlikely, there would be no serious consequence and the EA would be brought to a safe halt, even without
human intervention.
Conspicuous in our design is the absence of coolant pumps: the heat is evacuated by convection alone
and transferred to the outside world through heat exchangers via a secondary cooling loop. Convection
cooling is a unique feature for such a large power, and is only made possible by the use of molten Lead as
coolant. The absence of pumps has advantages from the safety and maintenance point of view (no moving
parts). In fact the whole vessel could be sealed during the long interval (five years) between refuelling as
the owner utility has no valid reason to intervene inside. Obviously this offers an extra means of
monitoring, by the controlling bodies of non-diversion of fissile material. The economical aspect is also
important. Suppressing the pumping system is a substantial simplification in construction as well as a
sizeable economy in capital costs.

The bum-up of the fuel is a key parameter in the economic performance of the EA. The EA achieves
an average bum-up of 100 GW x d/t, whilst maintaining during that time a practically constant gain at the
nominal value of G=120, corresponding to k = 0.98 with no external control devices. This is possible
because one can compensate the loss of reactivity due to FF accumulation by starting the EA with less 233U
than the amount which would correspond to breeding equilibrium. Such a bum-up is matched to the
radiation damage and the pressure build-up of fission product gases of the fuel pins. The average power
density has been set to the conservative value of 55 W/g which is one half the value considered in Fast
Breeders. This necessitates of course having a larger fuel load (for the nominal power of 1500 MW, one
requires a 27.3 tons load of mixed fuel oxide) which has no serious consequence since the fuel is
inexpensive. On the other hand, the low bum-up rate translates into a rather long time between refuelling
(5 years). This long time between access to the fuel has the important consequence of minimising the
radiation dose absorbed by workers. There is no need to have a permanent crew on site devoted to fuel
changes and this could probably be the task of travelling crews of specialists, conceivably under some kind
of international supervision to insure no possibility of fuel diversion.
A machine designed today should put strong emphasis on safety issues. This has been a prime
consideration during our design. First of all, the machine is safely subcritical, since any reactivity excursion
leading to an increase in power output, will be immediately corrected by a strong negative temperature
effect. The main difference with a Sodium based FB here is the absence of a positive void coefficient which
could cause the latter to become prompt critical. Then, in the unlikely case of an accident that would not
be corrected by human intervention or electronic feedbacks, passive measure would be implemented relying
on basic properties such as thermal expansion of Lead, gravity, natural convection in molten Lead,
circulation of air, and radiation. The result would be to bring the machine quickly to a halt and safely bleed
the radioactive decay heat to the environment. At no point could a temperature increase occur that would
cause the core to melt or otherwise lead to a radioactive release in the environment.

Molten Lead has in our view considerable advantages over Sodium, and its choice has been essential
to us, not only in the physical principle of a Fast Neutron EA, but also for the inherent safety features which
we have just discussed. Objections against the use of Lead have often been raised in the past on the grounds
of its supposedly corrosive action on steel. We believe that up to the 550 °C - 600 °C region, on which we
have based the present model, there is enough experience (or reasonable extension of known facts) to plan
safely on using a known material such as HT-9 for fuel cladding. However, we believe it would be
desirable in the future to go to higher temperatures (800 °C), for processes such as Hydrogen production
or in order to increase the efficiency of electricity production. For that temperature range, further R&D
would be needed.
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D.3.5. COMPUTER SIMULATED OPERATION
D.3.5.1. SIMULATION METHODS
Many classic programmes [34] exist which can calculate the neutronic behaviour of a sub-critical
system. However such programmes have major limitations, namely (i) they operate on a given concentration
of isotopes, while in our Amplifier the concentration of elements varies dynamically during bum-up or (ii)
they are based on multi-group calculation methods and therefore take only approximately into account the
narrow resonances in the Lead Moderator and in the Fuel. Finally the proton initiated cascade involves
many reactions (spallation etc.) which have important effects on the composition of materials, especially
at discharge. Therefore, appropriate Montecarlo methods have been developed in which the full evolution
with time of the Amplifier is simulated.
The high energy cascade has been simulated with the help of the programme FLUKA [50] which is

known to give a very realistic representation of the many processes in the energy interval of interest. The
spallation neutron yield predicted by FLUKA has been compared with experimental data collected at
CERN, where a proton beam of different kinetic energies in the interval of interest has been made to
interact with Lead targets of different dimensions [3]. The neutron flux emitted has been measured after
thermalization in water. The results show an excellent agreement between the experimental results and the

predictions of FLUKA [62]. The agreement is typically better than a few percent.
The FLUKA cascade development is, however, still insufficiently accurate to emulate the complex
neutronic behaviour below a few MeV. A second programme has been written, based on the ENDF-6 cross
sections [30], which follows with Montecarlo technique the fate of neutrons in the Amplifier and the
corresponding evolution of the local composition of the fuel elements. The volume of the Amplifier is
segmented in a large number of separate regions with independently evolving concentrations and an

accurate model of the geometry has been used. The validity of our calculations has been cross-verified with
more classic programmes [34]. However all programmes rely on the same cross section data.
While the basic Nuclear Data used in the calculations on the 238U/239Pu cycle have been repeatedly
checked and improved over the years, some uncertainties have persisted on the cross section data required
to predict the Thorium based cycle. Fortunately a rather precise integral experiment has been carried out

in the PSI zero-power reactor facility, PROTEUS [63]. These results indicate that the breeding
characteristics of heterogeneous 232Th-containing fast reactor cores are predictable to an accuracy
comparable to that of 238U-containing systems. Measured and calculated spectra appear in general
agreement with calculations based on cross section data [30]. We believe that the underlying physics
information is sufficiently well known and verified to predict the behaviour of the EA.
Neutrons spend a considerable fraction of their life span in molten Lead. Lead cross sections have been
well measured, but very little experience exists to date on the behaviour of neutrons in a Lead
Moderator/Reflector. An experiment in which a spallation neutron source is imbedded in a large Lead block
is in progress at CERN in order to compare predictions and experimental data [6].
The Montecarlo simulation starts with a proton beam of specified geometry and a given initial

composition of elements in the Amplifier. The geometry of the EA is realistically represented. Various
geometrical components are segmented in smaller units that we denominate as "pixels", in order to be able
to record the differences in composition as a function of the location during bum-up. In the case of mixing
liquids, like for instance the molten Lead, a common concentration table is used. The continuous proton
beam is replaced with a limited number of protons which enter the EA at a specified event rate^, = l/tp.
The fate of these protons is initially determined by FLUKA in a phase in which a number of spallation

neutrons are generated. These neutrons are subsequently followed inside the EA to their final destiny by
our dedicated programme. Each particle is given a "weight" w in order to scale up the event rate to the
number of protons actually introduced by the Accelerator, namely w = i t^e , where obviously i is the
proton current and e its elementary charge. Wherever available, a set of 35 possible reaction channels [30],
which include inelastic processes like n-n', n-2n, n-p, n-a and so on, are used to construct the development
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of the cascade. Secondary neutrons produced by these reactions become the source of additional cascades.
As a consequence of the cascade produced by each proton, the chemical composition of the target
pixels is significantly affected. We therefore change the composition of each relevant pixel according to
the nature of the interaction, replacing the initial nucleus with the fragments of the reaction and in the case
of fission with the appropriate fission fragments, but with a weight w, namely as if all the protons over the
time tp had produced the same reaction. Clearly this approximation will vanish over a large number of
events. Spallation products generated by FLUKA are also included.
After the full cascade of a given proton has been followed to its finish line and all pixel concentrations
have been changed accordingly, concentrations of all pixels are evolved over the time interval tp with the
help of a full Bateman formalism, in preparation for the next proton shot. In particular the complete decay
chain for each element is followed up to the stable elements with the corresponding concentrations in the
pixels of the relevant new elements, whenever appropriate. The decay schemes for all known elements,
including all possible branching ratios is provided by an appropriate database [31].
Typically the programme will operate with some 1200 different nuclear species (mostly fission and
spallation fragments) and up to 256 different pixels of a variety of shapes and sizes. The computing speed
on an ALPHA computer is of 50 neutron histories/sec. About one week of computer time is needed in order
to obtain adequate statistics on a typical burn-up of 100 GW x d/t, corresponding to about 3 x 106 neutron
histories.
The Montecarlo technique and the evolutive nature of the programme permits to introduce quite
realistic simulations of the operation of the EA. For instance it is possible to adjust the beam current in
order to ensure a specified power output or to simulate power variations and transients. The relevant
parameters of the neutronics, (multiplication coefficient k, neutron spectrum, fission fragment poisoning,
fuel/breeder ratio and so on) are in this way accurately followed over a specified burn-up. Periodically, the
fuel pin location may be shuffled to improve uniformization of burning. At the end of the calculation, the
complete list of elements in the various parts of the Amplifier is provided and used to study reprocessing
and refuelling. The refuelling can also be simulated, introducing appropriate changes in the pixel
concentrations. The asymptotic concentrations after many refuelling and the overall performance of the
device can be realistically simulated. The activation of the various parts of the EA can be accurately
studied.
We have verified that the values of the main parameters of a sub-critical device obtained with our
programme are in excellent agreement with the results of more classic programmes [34], In particular the
value of the multiplication coefficient k in the two methods typically agree to better than a fraction of a
percent.

~~

D.3.5.2. SIMULATION OF THE STANDARD OPERATING CONDITIONS

We consider first the simulation of an initial load of fuel made of 232Th-oxide with an initial
concentration of pure ^U-oxide, chosen to ensure the wanted initial value of the multiplication coefficient
k0. The initial choice of the multiplication parameter is set high enough in order to make the best possible
use of the current of the Accelerator, but low enough as to avoid that the machine in some circumstance
may become critical. The main parameters of the EA are the ones listed in Table IV. 1. Note that a real life
situation may be slightly different since the Uranium fuel bred, for instance starting with spent fuel from
a PWR (see section D.3.5.3) or coming from a previous cycle, will contain also some other isotopes, like
232
U, 234U etc. As amply discussed in paragraph D.3.2.8, they are not such as to modify the general features
of the results, which become more transparent by our simplifying assumption.

In order to simulate as closely as possible the real operating conditions of the EA, the programme can,
during execution, change the current of the accelerator in order to ensure a constant power output. This is
done introducing a sort of "software feedback" in which the beam current is adjusted for instance every 100
incident protons in such a way as to maintain constant the output power. The typical computer run covers
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of the order of some 2000 days of operation or a
bum-up in excess of 100 GW x d/t. The integrated
burn-up versus simulated time of operation is
shown in Figure 5.1. The proton beam feed-back is
the only control mechanism and control rods are
absent.
In Figure 5.2a we display the accelerator
current chosen by the programme as a function of
the bum-up in order to produce a constant power of
1500 MW (Figure 5.2b). The variations of the
current reflect the variation of the gain G (Figure
5.3), which in turn is primarily determined by the
IB ol (ooMranuc) OpmMn
value of the multiplication coefficient k (Figure
FIG. 5.1 Integrated burn-up versus simulated time
5.4).
of operation for an initial 233U filling and pre-set
regime atk = 0.98. Related parameters of the EA are
given in Table IV. 1.

TABLE V.I. POWER DENSITY DISTRIBUTION, IN UNITS OF AVERAGED POWER, OVER THE
CORE. DATA ARE FOR AN AVERAGE POWER DENSITY p = 52.76 W/g OF MIXED FUEL OXIDE.
Radial
(Bottom)
Segmentation along fuel pins
J Segm. 1 1
2
3
4
5
6
7
8
9
Fuel section
1.42 1.74
5
2.43
2.41
2.15
2.62 2.62
2.1
1.7
6
1.28
1.58
1.54
1.88
2.18
2.35 2.33
2.14
1.88
7
1.47
1.77
1.99 2.12
2.11 1.99
1 74 1.45
1.2
8
1.36
1.84
1.66
1.97
1.12
1.97 1.86
1.63
1.35
9
1.05
1.71
1.29
1.52
1.54
1.79
1.28
1.7
1.81
10
0.97
1.2
1.45
1.58
1.67 1.69 1.57
1.43
1.18
11
0.91
1.32
1.47
1.12
1.53 1.54
1.46
1.3
1.1
12
0.82 1.01
1.33
1.19
1.42 1.32
1.4
1.01
1.2
0.74 0.91
13
1.07
1.19
1.26 1.25 1.2
1.08
0.91
14
0.66 0.82 0.97 1.07 1.11
1.12
1.06
0.95
0.8
15
0.71
0.6
0.83
0.92 0.95 0.96 0.92
0.84
0.69
16
0.51
0.6
0.7
0.77 0.81 0.8
0.78
0.7
0.59
0.44
17
0.49
0.56 0.62 0.65
0.66 0.63
0.57
0.49
0.4
18
0.38
0.46 0.5
0.52 0.52 0.51
0.4
0.46
Breeder section: Power proportional to burn-up. Values for 100 GW x d/t
19.00
20.00

0.07
0.07

0.07
0.08

0.09
0.07

0.10
0.08

0.11
0.09

0.11
0.09

0.09
0.09

0.09
0.08

0.07
0.07

(Top)
10

Average
over pin

1.4
1.24
1.16
1.1
1.02
0.96
0.9
0.82
0.74
0.66
0.58
0.5
0.42
0.37

2.06
1.84
1.7
1.59
1.47
1.37
1.27
1.15
1.04
0.92
0.8
0.68
0.55
0.45

0.07
0.07

0.09
0.08

The other two most relevant quantities are the (atomic) concentration of 233U, normalised to B2Th, averaged
over the core (Figure 5.5) and the B3Pa (breeding) concentration, normalised to ^"U (Figure 5.6). As is well
known, this last concentration is closely proportional to the power density. By inspection of these
figures,during burn-up we can distinguish two phases.
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FIG. 5.2a Accelerator current chosen by the
programme as a function of the burn-up in order to
produce a constant power of 1500 MW. Related
parameters of the EA are given in Table IV. 1.

F/G. 5.2b Resulting EA power output as a function
of burn-up with appropriate variation of
accelerator.

A first, relatively short initial phase in which
a fraction of the initial 233U is burnt and the
breeding process based on the 233Pa is setting on.
During this period the multiplication coefficient,
and hence the gain, is dropping typically by Ak =
-0.01. This is normally handled by modulating
the proton beam current automatically through the
feed-back control system. Since the regime value
of k = 0.98 has been set (see Table IV. 1) the
initial value of k at the cold initial start-up will be
wo
correspondingly higher, namely about k0 = 0.99.
WMy'fen
In real life and provided such a number would be
considered as too high, one can during this initial
F/G. 5.3 Energetic gain G of the EA as a function of
phase introduce for instance some small amounts
the burn-up. Same conditions as Figure 5.1.
of neutron absorbing, "burnable poison" materials
which an; quickly transmuted and keep the value of k within the specified range. Alternatively the fuelling
can be done in phases, installing inside the core a small fraction of fuel elements only after an initial period
( = 1 0 GW x d/t) with the help of the refuelling machine. Note that storage space is provided inside the
vessel for such elements.
This initial phase is followed by a regime phase in which the 233U and the other isotopes tend
exponentially to the breeding equilibrium and in which the Fission Fragments (FF) captures' grow roughly
linearly with bum-up (Figure 5.7) and their effect on k is almost compensated by the increase in
concentration of 233U tending to the breeding equilibrium (Figure 2.5). One can adjust such a compensation
numerology in such a way as to achieve an almost perfect cancellation over a long burn-up with a
remarkably constant value of k and hence of the gain. But towards the end of the chosen bum-up the
exponential growth of the 233U concentration flattens out, while the FF growth remains essentially linear,
thus causing a drop of the gain and a corresponding increase of the proton beam current required to
maintain a constant power output. The maximum available current is set by the parameters of Table IV. 1
and hence it determines the ultimate burn-up of the system without refuelling. This effect can be attenuated
with more elaborate multiple refuelling schemes. In analogy to standard techniques of PWRs fresh batches
' Of course only those elements for which cross sections are known are accounted for. We believe that the correction
for the other elements is not very large.
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FIG. 5.4a Multiplication coefficient k of the EA as FIG. 5.4b Multiplication coefficient k of the EA as
a function of the burn-up: linear time scale. Same a function of the bum-up: logarithmic time scale,
conditions as Figure 5.1.
Same conditions as Figure 5.1.

of fuel are periodically introduced. Such schemes do not seem necessary in our case, since the single burnup is long enough to reach the expected limit of the fuel elements due to radiation damage and gas pressure
build-up.
The bum-up is not constant over the volume of the Core. Even if periodic, partial refuelling is not
necessary, it may seem appropriate to shuffle the fuel elements locations every maybe ~ 20 GW x d/t,
namely about once a year, in order to uniformise the bum-up of the fuel load. This procedure can be
performed without extracting fuel elements from the tank, using the fuel storage facility as a buffer location.
If performed fast enough (for instance ^ 10 days) as not to let a major fraction of the 233Pa decay, it
produces negligible effects on k. We have simulated this with our programme and found no real benefit
for instance in extending the bum-up of the fuel. Consequently at this stage, we have concluded that this
represents an additional complication with little or no advantage and we have therefore not applied this
procedure to our simulations.
The relative power density distribution over the Core for unit fuel mass is shown in Table V. 1. Its radial
(r) dependence is roughly linear, as expected because of the value of k (see Figure 2.3b). The (z,f)dependence is easily parametrized using as a universal parameter (r2 + z2)"2 the distance from the
approximate centre of the source (r = z = 0). This is why the z-dependence flattens out at larger radii.
Likewise the concentration of 233Pa in the various pixels of the core is directly proportional to the power
density distribution. We have verified that the power distribution does not change appreciably during bum-

FIG. 5.5 Atomic concentration of233U, normalised
to ^Th, averaged over the core (Breeding Ratio) as
a function of the bum-up. Same conditions as Figure
5.1.

FIG. 5.6 Atomic concentration of233Pa, normalised
to *»[/, averaged over the core as a function of the
burn-up. Same conditions as Figure 5.1.
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up in the specified range, namely< 100 GWxd/t
Similar distributions can be generated for the Breeder The concentration of bred a3U rises
approximately linearly with time As already pointed out, such a Breeder is necessary since although the
relative concentration of 233U is growing with bum-up, its stockpile is in fact reduced because of the

TABLE V 2 (DIRTY) PLUTONIUM INTO 233U CONVERSION STOCKPILES AT START-UP AND
AT DISCHARGE THE PLUTONIUM ISOTOPIC CONCENTRATIONS CORRESPOND TO THE
DISCHARGE AFTER 33 GW x d/t OF A STANDARD PWR WITH INITIAL 235U ENRICHMENT TO
33%

Mass at start-up

Nuchde

Mass at discharge

Difference

(kg)
238

Pu
Pu
240
Pu
^'Pu
242
Pu
All Plutonium's
239

233TJ

6798
1,636
671 6
3149
1099
2,800.38
0

3949
323
527
783
1054
1,073 1
1,809

-2849
-1,313
-1446
-2366
-45
-1,727 19
+1809

significant fraction of 232Th which is burnt The stockpiles of 233U are shown in Figure 5 8 The total amount
of 233U is at the end of the bum-up slightly larger than at start-up Note that the full amount of 233Pa during
fuel cool down will also transform itself into 233U Consequently, there is enough fissile material to start
a new cycle at a convenient value of k0
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FIG 5 7 Fraction of all neutrons captured by
Fission Fragment products, as a function of the
burn-up Same conditions as Figure 51

FIG 5 8 Concentration of the main Actimdes as a
function of the bum-up Same conditions as Figure
51

The concentration of the main Actimdes as a function of the burn-up is given in Figure 5 8 They are
in good qualitative agreement with the simpler analytical calculations of Section D 3.2

The simulation programme has been used to explore successive fuel cycles The simulated procedure
is the following After 100 GWxd/t the fuel is extracted from the Amplifier and chemically reprocessed
Uranium and Thorium isotopes are extracted and after a cool-down period of some 200 days to let primarily
the 233Pa decay into 233U, these are used to manufacture new fuel elements, topped up with additional
Thorium Although some 12% of the B2Th has been burnt, the stockpile of ^U in the fuel has only slightly
changed We have reloaded in the EA exactly the initial concentration of 233U Since the separation is
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chemical, the new Uranium fuel will be made of several isotopes. The tiny quantities of 231Pa (4.68 kg), of
^Np (400 g) and of Plutonium P'Pu (62 g) and U9Pu (4.6 g)] are separated out and inserted again in the
EA for an indefinite period of time until they are essentially incinerated.
The initial multiplication factor k0 of the renewed fuel is extremely close to the initial one and persists
to be so over several fuel cycles, in agreement with the analytic description of Section D.3.2.
Finally we have simulated the effects of power variations. As is well known, any major change of

power requires that the 233Pa can adjust itself to the new conditions. If the power output is suddenly

increased (decreased) the value of k decreases (increases) with the characteristic decay time of the ^Pa (39
days). It has been verified that the magnitude of this effect is in good agreement with the predictions of
Section D.3.2.
D.3.5.3. START-UP FUEL CYCLE WITH "DIRTY" PLUTONIUM
There are many ways to initiate the sub-critical operation of an EA. The most naive approach, but most
impractical would consist in starting with a pure ThO2 fuel. This method is most inefficient, since initially
the multiplication factor k is hopelessly low and the power of the accelerator will be correspondingly huge.
Fortunately large amounts of readily fissile material exist in the form of enriched ^U or of a "waste" transuranic elements from ordinary PWRs and either of them can be used as initial substitute for the 233U.
We propose to use for the first fill a mixture of ThO2 spiked with about 14% of "dirty Plutonium" from
the discharge from a PWR, normally destined to geologic Storage. Our scheme permits to start-up the EA
at the nominal power and gain right from the beginning and smoothly evolve from the initial to the regime

conditions essentially in one fuel cycle. At the end of the first cycle, most of the 239Pu is burnt, converted

with a high efficiency into 233U. The higher actinides can then either follow their initial destiny of geologic
storage, with a significant reduction in toxicity and reduced military proliferation risk or can be
continuously incinerated in the successive cycles until they ultimately fission inside the EA.
The simulation programme has been used in order to simulate the bum up of the initial mixture of
"dirty" Plutonium and of Thorium. The fuel is — as previously — made of mixed oxides. The

concentrations at start-up and at the discharge are given in Table V.2. Americium and Neptunium can be
freely added to the mixture with little effects on the over-all performance. The concentration of Plutonium
is chosen such as to produce a
reasonable value of initial k,,. During
operation, a large amount of breeding
interactions occur in 232Th with rapid
production of 233U, while the
Plutonium isotopes are progressively
burnt. We are witnessing a genuine
transformation of Plutonium into 233U
(Figure 5.9). The multiplication
coefficient k (Figure 2.9) and therefore
the EA gain is now the resultant of
mutual interplay amongst three main

processes, namely (1) disappearance of
the Plutonium and higher Actinides (2)
the formation of 233U and (3) the
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although not as constant as in the case of an EA operated with Th-U mixture. Note also that the fast drop
of k during the early life of the cycle, due in the case of the Th-U mixture to the formation of the ^Pa is
essentially absent in our case, since the initial operation is dominated by the Plutonium. The variations of
k are now sufficiently large to justify some compensatory measure, justified by the exceptional nature of
the initial EA fuel generation and start-up. The easiest way is to play with the refuelling machine and
introduce the fuel assemblies progressively in the EA.

Because of the "external" contribution of the Plutonium, the burn-up of this fuel load can be extended
wel] beyond the one of the normal cycles and a value in the vicinity of 150-5-200 GW x d/t is appropriate.
In order to reach such a long bum-up, it may be necessary to exchange the fuel assemblies during operation,
in order to uniformise the radiation damage on the pins. As already mentioned this operation is easily
performed in a short time.
D.3.5.4. NEUTRON SPECTRA AND ESTIMATES OF THE RADIATION DAMAGE

Neutron flux distribution can be
easily calculated by the Montecarlo
programme by adding the path length
inside each "pixel". Its energy
dependence is easily obtained by
binning the accumulated path length 1
according to energy. The results have |
been cross checked by a less accurate •
method in which a standard multi- ^

group (reactor-like) calculation has
been performed on the structure. The
latter method does not take into
complete account the sub-critical
1X10'
1x10
1x10"
I
10
nature of the device, like for instance 1x10
Neutron kinetic Energy. eV
spallation neutrons. Since it is not an
evolutionary programme, it does not
take into account of the variations of MG. 5.10
Neutron flux spectrum in the different material regions
the chemical composition during bum- of the F-EA.
The breeder and the Fuel have similar distributions
up. As anticipated, the high energy with fine resolution due to the resonant structure of the material
component of the spectrum due to the cross sections.
high energy beam is quickly attenuated
by the (n,n') inelastic collisions in Lead (Figure 5.10). By the time the neutrons reach the closest structural
element of the Fuel the spectrum has softened to the point of becoming similar to the one of Liquid Metal
Fast Reactors' (LMFBRs) for which a considerable experience exists already. For instance the flux 2 100
keV (2: 1.0 MeV) is in both cases 55% (10%) of the whole flux. Neutron damage for LMFBRs [64] has
been studied in the past theoretically and experimentally, and a large experience up to high fluences has
been accumulated. Testing and development of materials for such reactors has arrived at fluences well
within the range of the present design (see section D.3.4.5).
Neutron irradiation in structural materials is an important design parameter and it determines their rate
of replacement. The main physical and mechanical effects of the irradiation of metals are summarised in
Table V.3 [65]. In the case of fast neutrons, for fluences J4>dt < 1022 cm"2 changes are usually undetectable.
Structural modifications start to appear at larger fluences, eventually approaching saturation for very large
irradiation. Effects on metals are relevant to our case and they are generally smaller at higher temperatures
since recovery (annealing) of the Frenkel defects produced by irradiation is facilitated. After irradiation one
3

SuperPhenix (inner core)

274

6

generally observes an increase of the yield strength and, to a smaller extent, of the ultimate tensile strength.
Hence, irradiation results in a decrease in ductility and an increase in the temperature characterising the
transition from ductile to brittle fracture (NDT). This is an important effect in nuclear power systems.
There are several mechanisms by which irradiation may cause modifications besides direct heating. We
shall mention two of them, namely creation of defects in the lattice and gas production. Particles of
significant energy traversing the material collide both with electrons and nuclei, which in turn recoil inside
the lattice generating lattice defects. The magnitude of the corresponding effects on properties such as
elasticity, can be described in terms of an empirical parameter, the number of displaced atoms (DPA). Such
DPA depends in turn on the total energy spent to cause displacements, Ea, and the (average) energy
required to displace an atom from its lattice position, Ed:
DPA°

(1)

TABLE V.3. GENERAL EFFECTS OF NEUTRON IRRADIATION ON METALS

________Irradiation increases
Length (growth)
Volume (swelling)
Yield strength (usually)
Ultimate tensile strength
NDT temperature
Hardness
Creep rate

Irradiation decreases
Ductility
Stress-rupture strength
Density
Fracture toughness
Thermal conductivity
Yield strength
Corrosion resistance
Strain hardening rate

The denominator Ed is a purely empirical but universal parameter of the material and of which a wide
range of values are available in the literature [66] [67]. The energy Ea depends on the spectrum and nature
of the incident radiation and on the energy partition between electronic excitations and atomic recoils. We
have used in our computer simulations the module HEATR of the nuclear data processing code system
NJOY [68]. The partition function used was given by Robinson [69] based on the electronic screening
theory of Lindhard [70]. HEATR calculates the damage energy production cross section, foE\ (bam-keV).
An estimate of the number of displacements per second in the metal is given by:
dpa

(2)

where r|=0.8 is the collision efficiency factor and <f> the particle flux (cm'V).
Helium, Hydrogen and other light gases are produced in structural materials by nuclear reactions
process with a, p, T and so on in the final state. In the case of fast neutrons (n,cc) and (n,p) reactions have
significant cross sections. In conditions of large fluence, these locally generated gases may be in sufficient
amount as to have a pronounced effect on the mechanical and dimensional properties of components, like
for instance:
- The radiation induced swelling due to vacancy agglomeration (voids), in which the internally
produced gas acts as a nucleating agent for voids, promoting their growth and stabilising them once
they are formed.

-

The high temperature embrittlement due to inert gas bubbles.
The low temperature embrittlement due to defect clusters-vacancy or interstitial clusters.
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The "in-pile-creep" producing dimensional changes like swelling.
Swelling and "in-pile-creep" may cause some dimensional changes of the core components which may
even affect the dynamics of the energy amplification.

We consider next in more detail the radiation damage in two main structural components namely (1)
the beam window and (2) structure and cladding of the Fuel Core. Note that molten Lead is not a
"structural material" and it is continuously recirculated from a very large mass. Paradoxically, radiation
damage in the highest flux by the highest energy particles can be neglected, evidently with the exception
of the beam window! Molten Lead acts as a "filter", moderating the most radiation damaging components
of the spallation spectrum.
The rate of radiation damage in the beam window is comparable to the one in high-yield spallation
sources under design and construction (see for instance SINQ [71]). The most severe effect is produced by
the incoming proton beam. Effects due to the secondary neutrons produced by the cascade are small in
comparison with the high energy charged particles. According to Eq. (2), the damage rate is given by:

dpa

= 3.18xlO' 6 ° a I (mA)
2Ed 2
D

where D is the beam diameter. Production yields of He and H can be obtained from cross sections and
incident flux (current density):

appm

= 7.95x1 CT3—— I (mA)

Parameters for a proton energy of 800 MeV and several relevant materials are given in Table V.4. Since
cross sections change only very slowly with energy, these values are applicable to a wide interval of proton
energies and in particular to our design. The relevant parameters after 7000 hours at the nominal (see
section D.3.4.4) peak current density of 113 |u A/cm2 are about 200 dpa, 13150 He (appm), and 116,350
H (appm). With these numbers, because of embrittlement and swelling, in order to guarantee safety, the
window should be replaced after about one year [53]. The periodic replacement of the proton window can
be easily accomplished as a routine maintenance task.
TABLE V.4. PARAMETERS RELEVANT TO A PROTON ENERGY OF 800 MEV (EXTRACTED
FROM REFERENCE [71])

Material

(oEJ [barn-keV]

B.I.V]

oHe[barn]

Al

63

Steel
Cu
Mo

300
330
900

40
40
30

0.21
0.32
0.40

W

1430

58
65

0.58
0.58

oH[barn]
0.86
2.52
2.58
4.00
5.13

It is however evident that some experimental work is required in order to ensure safe conditions of
operation of this relatively new component which is the beam window. In particular we remark that the
peak beam current density is inversely proportional to the square of the beam diameter. If required by these
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additional investigations, the beam size could be enlarged without major consequences in the rest of the
system.
The irradiation effects on the Fuel Core region have been already mentioned. They must not limit the
maximum burn-up due to FFs poisoning which has been set to be of the order of 100 GW x d/t. This
corresponds to an integrated neutron fluence through the cladding of J<J>dt = 3.3 x 1023 n/cm2, averaged
over the core. The most exposed pins will accumulate about twice such a fluence. Two structural
components deserve consideration namely (1) the Fuel itself, a mixture of ceramic oxides and (2) the steel
cladding of the fuel pins and other structural materials holding the pins together.
If Thorium is mixed with Uranium using Thorium-Uranium oxides, the irradiation experience available
for these components indicates a small incidence on fuel swelling. However, more data needs to be
collected to attain a high degree of confidence for long-term performance [53].
It is expected that our cladding material will experience conditions similar to those of an LMFBR at
600 -r 700 °C and neutron fluences above 0.1 MeV of about 1023 cm"2. As already mentioned we must
consider four major effects: (1) radiation hardening, (2) irradiation creep, (3) embrittlement and (4)
swelling. Different alloys have been proposed and studied as cladding in these neutron environments: (i)
stainless steels (304, 316, 321, 347, Incoloy 800); (ii) Nickel based alloys (Inconel 600, Inconel X750,
Hastelloy X, Inconel 718, Inconel 625). Type 316 is the reference material for many LMFBR in-core
cladding and structural applications.
In the design of the EA there are the added requirements of corrosion in molten Lead (see section
D.3.4.3) and the necessity of keeping the activation stockpile to a minimum at long times. For these
reasons we prefer to use instead low-activation HT-9 steel [72]. Ferritic steels (e.g. HT-9) have
demonstrated a high swelling resistance, a good stress-corrosion resistance, and a particularly high
temperature strength which could increase significantly the fuel element lifetime. The rates of
displacements and gas production in different material zones of interest are given in Table V.5.
Combining
these with the data of ref. [72] it is expected a swell fraction of = 1 % and a shift in the temperature
characterising the transition from ductile to brittle fracture (DBTT) of about 30°C at design fluence. Under
these conditions, our design lifetime of approximately 5 years corresponds to an acceptable radiation

damage level for the fuel cladding.
TABLE V.5. DISPLACEMENTS AND GAS PRODUCTION RATES EN THE ENERGY AMPLIFIER

Region
Inner Core
Outer Core
Breeder
Plenum
Main Vessel

Fluence/y
l.lxlO 2 3
6.5xl022
2.3x1 022
2.5X1022
9.7x10'"

dpa/y
25
15
3.5
2.5
0.001

He [appm]/y
2.0
1.5
0.2
0.1
-

H [appm]/y
40
27
3
1
-

D.3.5.5. TEMPERATURE DISTRIBUTIONS AND COOLANT FLOW
The temperatures reached by the different elements of the core are important parameters related with
the safety of the EA. In particular, a safe operation requires the cladding and fuel temperatures to be well
below the structural limits of the constituent materials.
The lead temperature distribution along any cooling pin channel can be estimated on the basis of the
pin axial power density distribution. The internal temperature of the pin cladding can be calculated adding
to the lead temperature the temperature increases from the lead to the outer part of the cladding and from
there to the inner part. The fuel temperature is then obtained by adding to the internal cladding temperature
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the increment inside the fuel.

For the EA the linear power density axial distribution (q') can be expressed as:

(1)
where z is the axial coordinate, q 'mo. is the maximum linear power density, reached in the middle of the pin
(z = z 'm,j), and b is a parameter given by the power distribution shape. Both q' and b are function of the pin
radial position in the core. The temperature distribution of lead can be calculated by using the expression

dT(z)

_

q\z)
favpC

(2)

where T is the lead temperature and/,, u, p and Cp are the lead flow area, velocity, density and specific heat
respectively. In the approximation in which these quantities are kept constant (as an averaged value) the
lead axial temperature through the channel distribution is given by

=

•*Lead, in

b
(
z-~(z-

>-V
- '-mid

(3)

The heat flow between the cladding and the lead surface is described by the Newton law of convection
)+

q"(z)
h

where q" is the surface power density distribution and h is the local heat transfer coefficient which can be
calculated as a function of the Nusselt number

{ upC p d e
Nu = 4.82+0.0185 x

0827

Nu-k,
h=-

V
de is the effective diameter, defined in section D.3.4.7, and kL is the lead thermal conductivity. By using
for the surface power density (q") the same z behaviour for the linear power density, the temperature
increase between the lead and the outer surface of the cladding can be obtained,

Tout clatr-lz)' = TLead,

b,

'•~—(z~zn
3

"

<-mid

(4)

A similar calculation allows to get the temperature difference between the outer and inner part of the
cladding, which depends on the HT-9 thermal conductivity kt and the cladding thickness e, according to
the following expression
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The temperature increase inside the fuel, without considering the axial pin heat transfer, can be written as
a function of the radius and the fuel length:

r2<r<r,

= 1T

Where q'"(z) =

"no.
r being the radial position and r,, r2 the fuel
pellet radius _and the inner void radius
respectively. kjhO
is the temperature
averaged thorium oxide thermal conductivity.
The calculations were performed with a
simulation programme [73]. The results,
which are in excellent agreement with the full \
thermal-hydraulic code COBRA [55], give a
I
maximum cladding and fuel temperature of
707 °C and 2250 °C, well below 1470 °C and
3220 °C, which are the HT-9 and ThO2
melting temperatures respectively.
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As described in section D.3.4.7 the EA
cooling is achieved by convective pumping.
The pressure difference generated in the lead
loop is sufficient to extract the heat from the
core. For a fixed AT in the core, a variable
pitch value is used in order to adjust the
coolant speed through the core to the pin
power density. In practice, however, the
pitch value is quantified and there is a
residual radial dependence of AT. This
effect is particularly important if the breeder
is to be included in the same coolant loop
and if its pitch value is not drastically
different from that of the fuel, since its
power density is very low. A simple method
of cancelling this residual dependence is to
decrease the pressure at the entry of the
bundles such as to get the same AT than for
the hottest channel, for which the pressure
decrease is set to zero. For the other
channels this extra pressure drop increases
when the power density decreases. This
implies a tuning of the coolant flow rate as
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implies a tuning of the coolant flow rate as a function of the bundle radial position.
The calculations were done by a simulation programme using the expressions already described in sect.
D.3.4.7. The results, pressure drop inserted and lead velocity distribution, are shown in Figures 5.1 la and
b. Finally, the speed map at the exit of the core has been used as input in a simulation of the coolant flow.
As observed in Figure 5.12,
the speed gently homogenises along the path through the lead column.
The convection start-up has, been simulated using a computational model based on the following
expression

where lf is the fuel length, AP^ium,,, ^core are ^e Pressure induced by the lead in the column and in the
core and AP( are the pressure terms losses due to friction and changes in flow area, as defined in section
D.3.4.7.

The lead outlet core temperature Tm, has been obtained as:

Tout = Tin +

q
r

f,

where TM is the lead inlet core temperature.
The equation was solved by time steps and for each time kPColumn and APCor<, have been estimated by
averaging, with the appropriate weights, the temperatures of the lead in the column and in the core with
the temperatures of the lead leaving and entering the core respectively. Li the model the time of heating the
fuel has been neglected and the heat transmission to lead was supposed instantaneous.
TABLE V.6. SIMULATION OF CONVECTION START-UP AND SHUT-DOWN (HOTTEST FUEL
CHANNEL)

Steady conditions:

qst

102 w/g

TSlin

400

T

ol»

°C

649 °C

J^__________________________________2.02 m/s___________________
Start-up l: Power Density, quadratic for (0 < t < at,2), exponential for at! < t < t,,constant = q" for t,< t
Tmitt

649 +439 e^05",

T™,

= 649

10<t,<120
t, > 120

Time in which the Lead Tma is reached, in seconds:
t(T m J
0.43 t,

10 <r, <120

Shut-down: Power Density for t < 0, q = q" ; for t>0,q = q"

v(r)(m/s)

T OUt\
Ctlf^C")
A ^~)
1

l

u(t)

=

T ,\(t\) =

l

(1^0.2r°-725)
(T*••*st out -Tst)

j,st

l

ou

'

n+

in'
0 76

(l + 0.4r - )

'Steady conditions reached at t=t,, in seconds
The results are for a=0.35 but they do not change significantly for other values giving a smooth time dependence.

1
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The results show that it is possible to
reach the operating power conditions in a few
minutes without overheating the Lead leaving
the core beyond the nominal operating
temperatures (Table V.6). For start-up times
below 2 minutes the lead is overheated, for
instance by about = 20 °C if the start-up is
done in 1 minute or by = 100 °C if it is done
in 30 s. Also, after an instantaneous shut
down and without considering the residual
heating, the inertia of the coolant is such as to
maintain the lead speed in = 8% of its steady
state value after 5 minutes, and = 3% after 15
minutes.

Radius (m)

FIG. 5.12 Velocity map of Lead in the column above the
Core.

D.3.5.6. SAFETY AND CONTROL OF FAST TRANSENTS

The safety of multiplying systems depends to a large extent on fast transients caused by accidental
reactivity insertions. To study the power changes in accelerator driven systems a kinetic model dealing with
fast transients as a function of reactivity insertion, Doppler feedback and the intensity of an external neutron
source, was developed and programmed.

A kinetic model is given by the diffusion equation, in one energy group. This equation relates the
change in time of the neutron density with the physical constants of the system, specially the reactivity, and
has to consider the prompt and delayed neutron production rates [74]:
*C+SV)

' '

ac
dt

/?
!-/?($)/? A

-/i.e.

CD

(2)

where N is the neutron density, p,, P are the delayed neutron fraction of the i-th delayed precursor group
and the total delayed neutron fraction respectively, X( and C, are the decay constant and the concentration
of the i-th delayed precursor group respectively, p($) is the total reactivity, expressed in dollars, A is the
averaged prompt-neutron lifetime and S(t) is the external source term.

For a sub-critical device, fed by a spallation neutron source, the source term may be expressed as [75]:
= -^E

(3)

A
where p0< 0 is the total reactivity in the steady state and nip is the number of spallation neutrons density
per source proton. At the steady state the external source term is kept constant. Establishing the k9 effective
multiplication factor, at this steady state, the n^ value is expressed as:
'

.M,
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S(t) = 0-*o)Here N0 is the neutron density at the steady state.

The coupled equations (1) and (2) are solved by a numerical method described later. The general
features of the program include time dependence of the total reactivity, prompt neutron generation time and
time size step, and a maximum of six delayed neutron precursors groups. In addition, the total stored energy
is also calculated by integrating the reactor power from t = 0 to the time of interest.
The total reactivity of the sub critical device is then a sum of four terms:

c

p

where P4V,(0 is the external reactivity inserted, simulating an accident. It is time dependent, usually
represented by a linear or quadratic ramp; PDoppler is the reactivity decrease due to the fuel temperature
increase (<x < 0) and P(t) is the power density. The reference fuel temperature is the one at the steady state.
This effect is very fast, it is therefore the main stability feedback of an external reactivity insertion accident
which would rise at high speed. The rapid fuel answer is due to the direct relationship between the power
density change with the reactivity increase and the fuel temperature variation, PModdenslt. is the reactivity
decrease (a'< 0) due to the moderator density change, which is a moderator temperature function. This
negative reactivity evolves at a lower speed because of the thermal inertia of the moderator. Hence, this
effect is less important than the one mentioned above.
The last equations, necessary to complete the cycle, are the power density and neutron density relationships,
and the temperature changes due to a power density variation. The first one is given as

&SfN(t)v
—— - ———

Fuel density

where £= 3.044-10'" J (190 MeV/fission), v is the averaged neutron speed. Once the averaged power
density at the steady state is known (P0) and also the neutron density (N0) is fixed, it is not necessary to
calculate the neutron group constants (S,, v)
(5)

The reactivity reduction by the Doppler coefficient is calculated as a heat generation coefficient [74]. Let
Po represent the initial reactivity increase resulting from a step change. If a = -dp/dT is the negative of the
temperature coefficient of reactivity, i.e. a is a positive quantity, the reactivity resulting from a temperature
increase T is given by

P = Po~aT
Suppose the time scale of the power excursion is such that the heat loss from the system is insignificant.
The increase in thermal energy E will then be related to T by

E = CT
where C is the heat capacity, i.e., mass x specific heat, of the system. Hence,
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(6)

P = PO-

where Y =<x/C= -dp/dE is the negative of the energy coefficient of reactivity. The reactor power P is equal
to the time rate of energy change, i.e., dE/dt; it is obtained by differentiating equation (6) with respect to
time, so that

dE_
dt

y dt

It follows, therefore, that

dt

- -yP.

(7)

The coupled equations (1) and (2) were integrated by discrete time steps. It is important to note that
the time step has to be of the same order of magnitude as the prompt-neutron average lifetime. Three types
of unprotected reactivity accidents have been considered.
A slow reactivity ramp insertion: the reactivity increases at a rate of 170 $/s for a period of 75 ms
(this corresponds to a control rod withdrawal speed of 0.55 cm/ms in the case of a reactor). After
this time the reactivity is kept constant.
A fast reactivity ramp insertion: the reactivity increases at a rate of 250 $/s for a period of 15 ms
(0.81 cm/ms).
A thermal run-off of the accelerator, due to a variation in the proton beam intensity. The new
source term is:

S'(f)

=

where IQ is the nominal beam intensity and !„„, is the accidental new proton current, increased by
a factor 2.
The analysis of this problem allows a comparison with transient calculations obtained for a critical
reactor (Figure 5.13). It gives a first indication of the mitigating effect of using a sub critical accelerator
driven system. The parameters used for the
Energy Amplifier transient study, extracted
from references [76] [77], are indicated in
i
Table V.7. Figures 5.14(a-d) show the
power, fuel average temperature and
reactivity change in a critical reactor (lead
cooled) and in the Fast Energy Amplifier
subjected to a slow reactivity insertion. The f
important reactivity effects all occur within
one second.
- The power excursion curve which
corresponds to a critical reactor
oscillates and has two distinct peaks
T
in a short time interval. Super
™(™'
prompt criticality produces these
peaks (Figure 5 14b) The power ™7.5.7J LMFBR power excursion benchmark (as defined
rises rapidly during the period of '" a comparative NEACRP exercise) assuming a rod
super prompt criticality and reaches eJectlon accident
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its peak, 100 times nominal after 7 ms, atthe time when the Doppler effect reduces the reactivity
to values below super prompt limit. However, the fuel average temperature continues to rise rapidly
during 15 ms (due to the thermal inertia of the fuel), until the Doppler counter-reactivity has fully
established itself. By this time, the average temperature of the fuel has increased by 50 % (T^, «
1250°C), assuming that the heat loss from the fuel is insignificant during the power excursion. The
integrated power, after 20 ms, measured from the start of the ramp is ~ 0.8 full power seconds.
In the case of the Fast Energy Amplifier operated at k = 0.98, the power increases only by 42 %
after 15 ms and after 20 ms the power decreases almost proportionally with the neutron source
strength. If on the other hand the neutron source is maintained (the accelerator is not shut-off), the
power remains almost constant in this time range. The total energy released during the excursion
is much less than for a critical reactor (0.025 full power seconds after 20 ms). The average
temperature of the fuel rises gradually but at a much lower rate. After 20 ms, the fuel average
temperature has increased by 8%. Note, that in this case the Doppler reactivity feedback is almost
negligible and very much delayed (appears only after 23 ms). The long time constant of the
response implies that the heat loss from the fuel cannot be neglected anymore. In fact, there is
sufficient time (of the order of a few seconds, as estimated by the convection studies described in
section D.3.5.5) for the natural convection mechanism to safely adapt itself to the new operating
conditions without occurring any fuel damage.

TABLE V.7. MAIN KINETIC PARAMETERS USED FOR THE ENERGY AMPLIFIER TRANSIENT
STUDY
Prompt neutron lifetime:
2.9xlO'8s

A=

Doppler effect coefficient:

Ak\
-^,

-1.38xlO-5°C'

AT I

"L

,2! AT!
J1

I fuel

KQ\ *

/fuel

-1.44xlO-7sC'

Moderator density change coefficient:
Ak

,

9.68x10-5m3kg-'

Ap }

if

Ak

'-

Dens,Md(kg/m3)

1 1 149.7442-1 .3595xTlead (°C)
Tlead€ [400 °C, 900 °C]

( Ap]
_ ( Ap } ( ADens]
( AT) teud~ \ADens\J AT ) „

-1.37xlO««Cl

The next examples illustrated in Figures 5.15(a-d) and 5.16(a-d) deal with a fast reactivity ramp
insertion and a thermal run-off of the accelerator, respectively. Compared to the previous case, the power
peak values are higher. The power and temperature changes are faster, and so is the response (fuel Doppler
reactivity feedback). The integrated power, i.e. the total energy released during the excursion, is slightly
larger.
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FIG. 5.14 Comparison of power excursions in a critical reactor (lead cooled) with the Fast Energy
Amplifier for an accidental reactivity insertion of 170 $/sfor 15 ms.
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FIG. 5.15 Comparison of power excursions in a critical reactor (lead cooled) with the Fast Energy
Amplifier for an accidental reactivity insertion of 255 $/sfor 15 ms.
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FIG. 5.16 Power excursion and reactivity behaviour during a beam run-off in the Fast Energy
Amplifier

An interesting result of this analysis is the fact that the Fast Energy Amplifier responds much more
benignly to a sudden reactivity insertion than a critical reactor. Indeed, no power excursions leading to high
power levels are possible for positive reactivity additions which are of the order of the sub criticality and
similarly for a thermal run-off of the accelerator. More importantly, even if the spallation source is still
active (the accelerator is not shut-off), the relative slow power changes induced could be passively
controlled by means of natural convection alone (massive coolant response) thus avoiding any
meltdowTiofthe sub-critical core.

D.3.5.7. COMPOSITIONS AT DISCHARGE

The evolution programme computes the full composition of the elements of the EA during operation.
The composition at discharge is therefore directly obtained, with the proviso however that the beam is made
of discrete pulses separated in time. Appropriate corrections have to be introduced if short-lived
components, with lifetime shorter than the proton repetition rate (typically 5xl03-r3xl04 s) have to be
exactly estimated. In the case of the Fuel discharge also an appropriated, averaged mixture of elements
substitutes the actual fine structure of the fuel pins and of the lead coolant. Therefore, the discharge
composition will include also the small amount of new elements produced in the closely surrounding Lead.
The discharge composition of the Fuel after 110 GW x d/t corresponding to approximately 5 years in
the standard operating conditions are listed in Table V.8. We have listed only those elements which have
a 1/e lifetime longer than 10 days and an amount larger then 100 mg. The relative scarcity of trans-uranic
elements reflects the conditions of the first Fuel cycle. The evolution of the Actinide with fuel cycle has
been amply discussed in section 2.9 to which we refer for further details. The FF mass composition is
substantially different from the one of an ordinary PWR for two main reasons, namely (1) the fission yields
for 233U and 235U are quite different and (2) incineration of some of the FFs is quite strong for thermal
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spectrum and it is quite small in our case. We have listed in Table V.8 the ratio of mass yields for the same
thermal energy produced by the EA and a PWR after 33 GW x d/t and initial enrichment of the 235U to
3.3%. Some of the elements show a ratio very different than 1.
The activation of the Fuel cladding material (HT-9) leads mainly to about 0.2 kg of "Mn (1.24 a), 1.72
kg of "Fe (3.95 a), 0.234 kg of 185W (108.6 d) and 2.52 kg of l87Re (6.30xl010a), the last two elements due
to the very small content of just 162.6 kg of W in the steel alloy. Other radioactive elements like ^Co, 51Cr,
59

Fe etc. are present in traces at the level of ^ Ig.
The Lead coolant within the core volume accumulates over 5 years of operation about 20.3 kg of rather

inoffensive ^Pb (2.2 x 107 a, K-capture at 0.065 MeV, no y i.e v-emission), some 45 g of ^Pb (7.5 x 10"
a) and very small traces of 194Hg (751.9 a),20^! (5.47 a),208Bi (5.32 x 105a) and 210Po (200 d). The very
small amount of l94Hg is in contrast with the much larger production rate of the same isotope in the

Spoliation target (see next paragraph). Its absence evidences the sharp confinement of the spallation
processes in the target region, away from the fuel core. Radioactive isotopes in the coolant are rapidly
mixed in the bulk of the coolant, about 104 tons, leading to very small relative concentrations', in many
instances measured in units of parts per billion. The fate of these impurities is to a major extent

unpredictable and specific experiments are required.
The discharge from the Breeder has to a major extent the same general features as the one from the
Fuel, with the exception of the much smaller number of FFs and the smaller neutron flux.
The Lead coolant surrounding the Core and Breeder volumes, with the exception of the spallation
region which will be discussed separately, is relatively unaffected by the neutron flux (paragraph D.3.4.2).
Two unstable Lead isotopes are present, the long lived ^Pb with 43.71 kg and the short lived (4.7 h) 209Pb
with traces at the level of 1 g. Its modest activation is related to the lower energy and flux in the region
immediately surrounding the core. Even smaller is the activation of the containment vessel, dominated by
55
Fe (3.95 a) and 59Fe (64.35 d), with 400 g and 1 g respectively.
The Actinide composition is also radically different from the one for instance of a PWR and its
consequences need some consideration. The main differences are:
(1) the presence of several Protactinium isotopes. At the design power level, the stockpiles of 233Pa is

of 53.25 kg in the Core and of 5.60 kg in the Breeder. This relatively short lived element is the
source of a substantial amount of decay heat, 2.99 MW (2.70 MW in the Fuel Core) immediately
after shut-off and decaying with the characteristic 1/e time of 38.99 days. Since the B3Pa
concentration is proportional to the

power produced during steady
operation, its decay heat represents a
constant fraction of this last quantity,
initially 0.2 % of the design power.
In view of its relatively long decay
constant, the contribution of B3Pa is

comparable to the decay heat
produced by the FFs and it must be
taken into account (Figure 5.17). The
breeding
transformation
is
accompanied by intense y-emission.

More specifically we have calculated
the time dependence of the y-spectra
produced by Actinides of Table V.8.
FIG. 5.17 Effect of
In Figure 5.18 we give the time
Energy Amplifier.

Tnw ttMr ihmdown (hourt)

233

Pa on the decay heat of the Fast

1

1 kg of dissolved material corresponds to 0.1 ppm in relative mass. Many radioactive impurities which amount
typically to = 1 g, once diluted in the bulk of the coolant, reprresent a concentration of 10'10 by weight in the
coolant.
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dependence of the y-activity of the Fuel weighted proportionally to energy over the spectrum,
namely the number of 1 MeV equivalent y's produced per second. As one can see, the dominant
contribution comes from 233Pa, at least during the early times. A corresponding cooling time of
about one year is strongly recommended, which also insures that the major fraction of 233Pa has
decayed into useful ^U. With these provisos, the presence of B3Pa should not introduce additional,
specific problems. Other Protactinium Isotopes are some 4.47 kg (including the 0.15 kg in the
Breeder) of the long-lived 231Pa (4.74 x 104a), amply discussed in paragraphs D.3.2.8 -=- D.3.2.10
and traces (< 1 g) of the short-lived 232Pa (1.89 d) and ^Pa (9.69 h). The long-lived isotope 231Pa
primarily produced by fast neutrons through the (n,2n) reaction on the main element 232Th followed
by 6-decay, constitutes a considerable source of radio-toxicity and it must be incinerated, reinjecting it inside the subsequent Fuel Loads, as discussed in paragraph D.3.2.10. Fortunately the
cross section for neutron capture, leading to 232U is quite large and equilibrium between production
and decay is reached already at the end of the first cycle. This means that a net stockpile of the
order of 5 kg of 231Pa will persist during the whole lifetime of the EA plant as balance between
production and incineration.
(2) The presence of a specific composition of Uranium isotopes, evolving toward an asymptotic
distribution. A relative novelty is the presence of a substantial amount (1.46 kg) of the long lived
isotope ^U (99.6 a) produced by fast neutrons and the (n,2n) reaction on the main fissile material
223
U. As in the case of 231Pa, the concentration of D2\J reaches practically its asymptotic limit
already at the end of the first fuel cycle. As already pointed out, the presence of such an isotope,
which has a decay chain prolific of high energy 7-rays is a major inconvenience if some of the
Uranium fuel were to be diverted to military applications. The y-ray activity of the Fuel is of
primary importance also during reprocessing and new fuel preparation. We show in Figure 5.18
the number of 1 MeV equivalent y's produced per second by the discharge fuel of an EA and
compared with the one of an ordinary PWR. This last curve has been normalised to the same
electric energy produced in the EA. As one can see, after the cooling down period of about one
year needed to transform the 233Pa, the y-doses of the spent fuel of an EA are not substantially
different than the one of an ordinary PWR.
(3) The isotopic composition of the Uranium is a rapidly decreasing function of the atomic number.
There is essentially no 238U produced, since the previous element, 237U is short lived (9.76 d) and
it p-decays into 237Np, which is the main gateway to the trans-uranic elements.
(4) A remarkable scarcity of trans-Uranic elements. Concentrations are fuel cycle dependent and values
of Table V.8. refer to the most favourable case of the first fuel cycle. The main production
mechanism is neutron capture of the long-lived 237Np producing 238Np, which then quickly (3.06
d) decays into 238Pu (127 a). The family of Plutonium isotopes with A z 239 becomes accessible
by successive neutron captures. Even asymptotically, as shown in detail in paragraph D.3.2.9,
concentrations decrease rapidly with growing A, because of the competing fission channel at each
step. Asymptotic concentrations are also many orders of magnitude lower than for instance in the
case of a Uranium driven Reactor. Seven neutrons are needed for instance to transform 232Th into
239
Pu, while a single neutron capture can achieve the same result starting from 238U.
Amongst the unstable elements which require special consideration in the Table V.8, there is a
significant amount (14.5 g) of HC (8286 a) produced by n-capture reaction on the isotope 17O, present in
small amounts (1.84 kg) in the natural Oxygen of the ThO2 and UO2 in the Fuel and in the Breeder. The
production of this isotope is however of importance since it is one of the main contributors to the radiotoxicity emitted in the environment during reprocessing. It is difficult to separate out such a small amount
of Carbon with the methods proposed to reprocess the Fuel (see paragraph D.3.6.2). The relevant neutron
capture cross section for the process 17O(n,cc) (averaged over the Fuel spectrum) is the relatively large value
of 23.3 mbam. An additional source of 14C in the EA, not included in Table V.8 could be due to the
presence of N2 impurities in the fuel, typically of the order of 10 ppm by weight (0.3 kg). The cross section
for the relevant process I4N(n,p) is of the order of 2 mbarn and its contribution for the integrated neutron
fluence J$dt = 3.3 x 1023 n/cm2 is then only 0.198 grams. Note that the total amount of chemical Carbon
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produced in the Fuel is 0.587 kg, mostly of 13C. It is expected to be almost completely oxidised at the fuel
operating temperatures and therefore be mostly in the form of CO2 at the time of reprocessing.
TABLE V.8. DISCHARGE OF CORE VOLUME AT THE END OF THE FIRST FUEL CYCLE.
EA/
PWR

1/e Lifetime

Mass

(kg)
14

C

0.0145

—

8286.

a

102

(kg)
0.0007

4»V

0.0003

—

1.339

a

,07pd

1.926

0.096

51

0.0078

—

40.06

d

l

0.0063

0.152

53

Mn
54
Mn

0.004
0.2019

_
—

0.540E+07 a
1.237 a

Sn
Sn
IM
Sn

0.1047
0.0149
4.236

2.645
1.435
1.734

186.8 d
13.94
d
0.144E+06a

55

1.717
0.0033

—
—

3.948 a
64.35 d

l24

Sb
Sb
126
Sb

0.0084
1.127
0.0026

1.087
0.889
2.253

87.05 d
3.988 a
18.02
d

129

I
I

27.28
0.2924

1.722
0.458

0.227E+08 a
11.63
d

134

Cs
Cs
136
Cs
137
Cs

6.062
115.9
0.1134
118.5

0.546
4.505
2.103
1.109

2.982 a
0.332E+07 a
19.03
d
43.52 a

I40

0.8585

0.470

0.0135
0.0040

—
—

Ce
Ce
I44
Ce

0.0023
2.5330
17.300

—
0.575
0.515

199.0
47.00
1.129

d
d
a

M3pr

0.9254

0.547

19.62

d

147

0.2539

0.401

15.88

d

146

Pm
Pm

0.0010
15.410

__

1.315

7.996
3.793

Sm
Sm

12.010
4.7700

2.551
0.568

0.153E+12a
130.1
a

Mass

Cr

Fe
Fe

59

Rh

"Ag

123

125

125

"Co

0.0006

—

70

0.006

___

Zn

7.622

a

0.723E+15 a

131
79

Se

0.9983

1.916

21.64

10.160

15.55

^Rb
87
Rb

0.0088
46.52

4.261
2.157

26.94 d
0.687E+lla

89

Sr
^Sr

2.402
74.76

1.127
1.578

73.07
41.62

a

d
a

135

Ba

137

La
La

138
88y
91 Y

0.0006
3.313

—
0.991

154.2
84.61

d
d

139

14l
93

Zr
Zr

95

88.34
3.537

1.387
0.623

0.221E+07 a
92.57 d

*Nb
95
Nb

0.001 1
2.026

—
0.649

0.293E+05 a
50.57 d

97

0.0003
0.0014
56.08

__

0.376E+07 a
0.607E+07 a
0.305E+06 a

Tc
^Tc
"Tc

———

0.827

Nd

147

147
103

Ru
Ru

106

0.708
1.147

0.176
0.074

1/e Lifetime

—

299.3

d

0.939E+07 a
10.77

d

0.94E+06 a

85

Kr

EA/
PWR

56.77
1.480

d
a

151

18.44

d

0.867E+05 a
0.151E+12a

a
a
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TABLE V.8 (CONT.). DISCHARGE OF CORE VOLUME AT THE END OF THE FIRST FUEL
CYCLE.
Mass

EA/
PWR

(kg)
I52

1/e Lifetime

Mass

(kg)

Eu
Eu
155
Eu
156
Eu

0.0324
0.6074
0.4376
0.0046

12.843
0.164
0.290
0.012

19.58 . a
12.43
a
6.767 a
21.96
d

160

0.0028

0.300

104.5

154

Tb

d

194

0.0026
0.0001

—

751.9
67.40

a
d

Tl

0.0049

—

5.466

a

202

Pb
Pb

0.0455
20.300

0.759E+05 a
0.221E+08 a

Bi

0.0011

0.532E+06 a

205
185

W

0.2344

—

108.6

d
208

""Re

2.5220

—

1/e Lifetime

Hg
Hg

203

204'

EA/
PWR

0.629E+11 a
210

Po

0.0055

200.1

d

TABLE V.8(CONT.). ACTINIDES OF CORE VOLUME AT THE END OF THE FIRST FUEL CYCLE.
Element
228Jh

230

Th

232Th
234Th

23.pa
233pa

Mass (kg)
0.0213
0.2352
20,850 '
0.0059
4.3120
53.2500

1/e Lifetime
2.766

Element
a

0.1090E+06a
0.2032E+11 a
34.85 d
0.4737E+05 a
38.99 d

232

Mass

(k§)

1/e Lifetime

u

1.4270
2,463
260.40
24.0800
2.7860

99.63 a
0.2302E+06 a
0.3543E+06 a
0.1018E+10a
0.3387E+08 a

237

'Np

0.2889

0.3094E+07 a

238

0.0712
0.0003

126.9
a
0.3486E+05 a

U
U
234
233

u

235
u
236

Pu

239pu

D.3.5.8. SPALLATION PRODUCTS

The spallation process produces a large amount of fragments. These fragments, which are generated
primarily by high energy particles, have been properly taken into account in the FLUKA part of the
simulation programme. The mass spectrum of the spallation fragments is strongly energy dependent. At
low proton energies (< 40 MeV), the mass (A,Z) spectrum is peaked close to the father nucleus. At
intermediate energies (= 400 MeV) a splitting similar to fission occurs, in which two fragments of roughly
similar mass are formed. At very high energies, the spallation spectrum changes again and all (A,Z) are
produced in a roughly flat distribution. This complex phenomenology is only approximately represented
by FLUKA and the mass yield could be uncertain to up to a factor two.
In order to evidence them the spallation target region, namely the Lead volume to which the core is
concentric has been considered as a different material. In our design however the whole coolant is mixed
1

Initially 24.230 Kg. Difference due to burn-up.
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during operation. Hence in reality spallation
products will diffuse inside the whole EA
volume.

1x1

As shown in Figure 5.18, the overall yactivity of the spallation products is many
1x10'° .
orders of magnitude smaller then the one of
the Fuel. Still it is sizeable and it must be
considered carefully. We give in Table V.9
a 1x10'° the list of unstable elements with lifetime
larger than 10 days. As already mentioned
this corresponds to very small concentrations
(1 g = 0.1 ppb) and therefore it is difficult to
1x10" .
predict what will be their actual fate without
additional experiments.
Qualitatively we can say that several
1x10'" .
elements will come out in the form of gas or
vapours and accumulate in the (inert) gas
inside the vessel1. This is definitely the case
of (1) some Tritium and the noble gases 39Ar
1x10'=.
(389 a), 42Ar (47.6 a),81Kr (3.3 x 106 a),
•5
85
o
Kr (15.5 a),127Xe (52.6 d), which are
produced at the modest total rate of about
few g/a, (2) traces (< 1 g) of some elements
1x10".
which have a significant vapour tension at
the operating temperature of the EA, namely
%
C1 (4.3 x 106 a), "As (116 d), 125Sb( 4.0 a),
125
1x10
I (86 d), 134Cs (2.98 a) and the main
100
1000
10
202
Elapsed Time, years
elements which are 15.25 g of T1 (17.68
figur* 5.18
d), 386 g of 204T1 (5.5 a), 415.9 g of 194Hg
FIG. 5.18 Time Evolution of the y-activity of the fuel after
(751.9 a) and 6.2 g of ^Hg (67 d).
discharge of the EA. The number of y-rays is normalized
Others will remain in solution inside the
according to their energy in MeV. The curve for the PWR
coolant. There is a large number of elements
has been calculated for the same energy delivered and a
which will form with Lead inter-metallic
bum-up of 33 GW x d/t.
compounds. Some elements will combine
chemically with Lead (S, Se and Te) and remain dissolved. We note that 210Po (200 d) belongs to the same
series but its precise chemistry is unknown. There are several elements which will remain metalhc but have
a large solubility in Lead and therefore should be retained. Finally some elements have a very high melting
point and presumably will also remain trapped inside the coolant.

During operation some of the spallation products may be "incinerated" by the neutron bombardment.
The programme records the secondary interactions of all the materials of the spallation target and therefore
the effect is taken into account in Table V.9. The effects of these secondary interactions are negligibly
small, since the concentrations are insufficient to produce a sizeable interaction probability.

' Note that the quoted values for the masses are the values at dicharge after 5 years of continuous operation. If
continuously extracted, the total amount of the short-lived elements is correspondingly larger.
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TABLE V.9. PRODUCTS AT DISCHARGE PRODUCED IN THE SPALLATION TARGET VOLUME.

3

H

35

S

Mass

1/e

1.435

17.83

0.009

126.5

Vapour
[boil. T]
a
d

36

0.204

0.435E+6 a

39

0.336
0.336

389.0 a
47.57 a

C1

Ar
42
Ar
45

Ca

49y

53

Mn

0.007
0.072
0.387

236.9 d
1.339

a

0.540E+7 a

5S

Fe
60
Fe

0.049
0.586

64.35 d
0.216E+7 a

56

0.029
0.065
0.002
1.084

111.7
1.077
102.4
7.622

Co
"Co
58
Co
"Co

59

Ni
Ni

63

65

Zn
Zn

70

0.253
2.134

0.004
2.424

d
a
d
a

0.109E+6a
144.7
a
353.2 d
0.723E+15a

Gaseous

83

[-252°C]
Gaseous
[445 °C]
Bound +>
(- 34°C]
Gaseous
Gaseous
[-186°C]
Intermet
0.2 Torr
Solid
[3409°C]

86

Solid(*)
1 0'5 Ton50 lid(*)
Solid(*)
[2862°C]
Solid(*)
Solidf*)
Solid(*)
SolieK*)
[2928 °C]
Solid(*)
Solid(*)
[2914°C]
Volatile
Volatile
40 Torr

^Ge
Ge

0.032
0.079

1.073
16.53

a
d

73

0.329

116.1

d

71

As

75

Se
Se

79

81

Kr
Kr

85

0.184
2.03
5.777
4.326

173.2
d
0.939E-I-6 a
0.331E+6a
15.55
a

+) Lead Cloride, PbCl2, b.p. 950 °C
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Mass

Solid
Solid
[2834°C]
Gaseous
[615 °C]
Intermet
Intermet
[685 °C]
Gaseous

Gaseous

Vapour
[boil. T]

1/e

0.036
0.181

124.6
d
26.94 d

Gaseous
Gaseous
[688 °C]

Sr
Sr
^Sr

0.264
0.21
3.88

93.76 d
73.07 d
41.62
a

Intermet

8Sy

0.247
0.318

154.2
84.61

Rb
Rb

85

89

91y

88

d
d

Zr
Zr
95
Zr

0.581
6.426
0.46

120.6
d
0.221E+7 a
92.57 d

91

4.139
0.496
1.13
1.187

983.3 a
0.501E+8 a
0.293E+5 a
50.57 d

4.726

5784. a

1.896
8.333

0.376E+7 a
0.305E+6 a

93

Nb
Nb
*Nb
9S
Nb
92

Internet
Intermet
0.40 Torr
Solid

Solid
[3338°C]
Solid(*)
Solid(*)
Solid(*)
[4409 °C]
Solid
Solid
Solid
Solid
[4744 °C]

93

Mo

97

Tc
Tc

99

Solid
[4639°C]
Solid
Solid
[4265 °C]

103

0.182
1.069

56.77 d
1.480
a

102

Rh
Rh

4.32
0.244

4.772 a
299.3 d

107pd

5.207

0.939E+7 a

105

Ag

0.108

59.71

d

109

Cd

1.627

1.833

a

113

0.427
0.206
0.622

Ru
Ru

106

101

Sn
Sn
126
Sn
123

[-153 °C]
(*) Dissolved in the Molten Lead

166.4
d
186.8
d
0.144E+6a

Solid
Solid
[4150°C]
Solid
Solid
[3697 °C]
Solid
[2964 °C]
Solid ?
5 10-6To
Volatile
200 Torr
Solid(*)
Solid(*)
Solid(*)
3 10-8 To

TABLE V.9 (CONT.). PRODUCTS AT DISCHARGE PRODUCED IN THE SPALLATION TARGET
VOLUME.
Mass
124

0.043
0.404

1/e

Vapour
[boil. T]
Volatile

121

0.008

87.05 d
3.988 a Volatile
[1585°C] 0.5 Torr
24.26 d Intermet °

.25J

0.014

85.90 d

Sb
125
Sb

Te

I27

Xe

131

0.37

52.63 d

Gaseous
[184°C]
Gaseous
[-108°C]
Gaseous
Gaseous
[671 °C]

Cs
Cs

0.003
0.282

14.01 d
2.982 a

Ba
Ba

0.001
0.396

17.06 d
15.21 a

Intermet
Intermet
2 10'2 To

137

La

2.653

0.867E+5 a

139

Ce
141
Ce

0.722
0.002

199.0 d
47.00 d

Solid
[3464 °C]
Solid
Solid
[3443 °C]
Solid
Solid
Solid
[3520°C]

134

I31

133

143

Pm
Pm
146
Pm
I45

145

Sm
146
Sm
m
Sm
149

Eu
Eu
154
Eu

150

I5I

Gd

l60

Tb

159

Dy

1.1
0.419
0.205
1.064
0.406
2.492

1.050 a
25.59 a
7.996 a
1.347 a
0.148E+9a
130.1 a

0.001
0.76
0.932

134.6 d
51.77 a
12.43 a

0.05

179.3 d

0.214

104.5 d

0.021

208.8 d

Intermet
Intermet
Intermet
210' 4 To
Intermet
Intermet
Intermet
8 10'3To

Solid
[3273 °C]
Solid
[3230 °C]
Solid
[2587 °C]

Mass

1/e

0.908

1.981 a

0.288
0.029

2.704 a
101.2 d

182

Ta
Ta

2.467
1.025

2.588 a
165.5 d

mw

1.621

175.3 d

183

Re
187
Re

3.267
1.829

101.2 d
0.629E+lla

185

0s

8.957

189

Ir

3.362

188pt

1.515
196.2
307.4

l73

Lu

172

Hf
Hf

175

179

Vapour
[boil. T]

Solid
[3402°C]
Solid
Solid
[4603 °C]
Solid
Solid
[5458°C]
Solid
[5555°C]

190pt
!93pt

I95

Au

109.5

194

Hg
^Hg

415.9
6.252

202

15.25
386

T1

204T]

202pb

205pb

205

2,071
11,960

Bi
Bi
208
Bi

4.299
69.79
14.63

210

0.995

207

Po

Solid
Solid
[5596°C]
Solid
135.3 d
[5012°C]
19.09 d
Solid
[4428 °C]
Solid
14.75 d
0.94E+12 a
Solid
Solid
72.30 a
[3827°C]
Solid
269.1 d
[2857 °C]
751.9 a Gaseous
67.40 d Gaseous
[357 °C]
17.68 d Volatile ?
5.466 a Volatile ?
6 10'2To
0.759E+5 a Dissolved
0.22 1E+8 a Dissolved
30 Ton
22.14 d Eutectic
45.62 a Eutectic
0.532E+6 a Eutectic
200.1 d
(boils at

Volatile
254 °C )

-) Lead Telluride, PbTe, m.p. 917 °C
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D.3.6. CLOSING THE FUEL CYCLE
D.3.6.1. GENERAL CONSIDERATIONS
There are significant, conceptual differences between what one means by "reprocessing" in the case
of a PWR and an EA. In the case of a PWR, the primary purpose of reprocessing — if one excludes
recovery of Plutonium for military applications — is the one of preparing for a more orderly, definitive
repository of the radio-toxic products, separating for instance Actinides from FFs. Many conceptual designs
have been proposed for the purpose of further healing the strong radio-toxicity of such individual products
with nuclear transformations with the help of neutrons from Accelerators and Reactors. We shall mention
as our reference case the project CAPRA [23] in which one intends to reduce the radio-toxicity of the
Plutonium from spent fuels by about a factor 30 with the help of Fast-Breeders similar to SuperPhenix. In
addition to producing a large amount of electric energy, one such device could process Plutonium and
eventually Americium produced by about five ordinary PWRs.
In the case of the EA, at "replacement" time the fuel itself (Actinides) is still perfectly sound and it
could continue to bum much further if it were not for the neutron absorption due to the accumulated FFs.
Hence after a "reprocessing", which is in fact basically a "FF separation and disposal", the fuel can and
should be used again. This is a fundamental difference with a PWR, where spent fuel is hardly more than
waste material and for which reprocessing is arguable. In the case of an EA, fuel reprocessing could be
better described as fuel regeneration. The purpose of such a procedure is
(1) to remove the poisoning FFs;

(2) to add the fraction of the Thorium fuel which has been burnt;
(3) to re-establish mechanical solidity to the fuel and the cladding which has been affected by the
strong neutron flux.
In nuclear power generation, radioactive materials must be isolated at all times from the environment

with an appropriate, multiple containment. The residual radio-toxicity is defined as the toxicity of products
extracted from such a closed environment. Since the bulk of the Actinides are recycled inside the core for
further use, the relevant toxicity is basically the one which is spilled out during the fuel regeneration
process and the one of the elements which are deliberately removed, like for instance the one of the FFs
which are not incinerated and of the sleeves which contain the fuel which are not reused. This is in contrast
with an ordinary PWR — at least if no incineration is performed — in which the totality of the radiotoxicity of the spent fuel constitutes "Waste" and it must be isolated from the environment by a Geologic
Repository over millions of years.

D.3.6.2. STRATEGY FOR THE SPENT FUEL
The main requirement of the reprocessing of the fuel from the EA is the one of generating a new fuel
free of FFs. Therefore reprocessing is inevitable in our conception of the EA. In practice one must separate
the Fuel into two different stock piles, the first destined to the next fuel load and the remainder which is
usually called the high activity stream (HLW). The bulk of the Actinides are to be recycled into new fuel
and they belong to the former stockpile. There is no need to worry about their long lasting consequences,
since they will be burnt in the successive, cycles. The latter stockpile will contain all fission fragments and
activity in the cladding plus the tiny fraction/of Actinides which is not separated by the reprocessing. They
represent a considerable radio-toxicity, which will be handled either with natural decay or with active
incineration of some specific radio-nuclides. Figure. 6.1 gives the ingestive radio-toxicity [31] of such a
high activity stream assuming/= 1.0 x 10"4 (the choice of such a value will be clearer later on). The total
radio-toxicity of a PWR initially loaded with 3.3% enriched Uranium and without reprocessing is also
shown for comparison. Data are given for the fuel discharge after the first fill and for asymptotic fuel
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composition. The two distributions are very
similar, since the fuel remaining radiotoxicity at long times is dominated by the
^"U contamination which is the same for all
fillings. After a large drop over the first =
500 years due to the decay of medium
lifetime FFs (^Sr-9^, l37Cs), the ingestive
radio-toxicity stabilises to a roughly constant
level, dominated by the truly long lived FFs
(129I, "Tc,126Sn, 135Cs, 93Zr and 7»Se) and to
a lower extent by the residual fraction / of
Actinides. After such a cooling-off time the
residual radio-toxicity is comparable to the
one of the **Th in the EA and about 5 x 10"5
times smaller than the one of a throw-away
PWR of equivalent yield. The a-activity is
very modest since it is dominated by the
leaked fraction/of Actinides.

1x10 ,11

1X10 10 J

PWR for same
delivered energy
'no reprocess

1x10s

£

I

1x108 .

1x10' .

Inspection of Figure 6.1 suggests that the
1x10 J
HLW should be stored for about
500 -=- 700 years in what we call the "Secular
Repository". Beyond such period, the
residual radio-toxicity is considerably
1x1 O .
reduced as shown in Figure 6.2. The specific
TH-232 in EA
EA discharge, f= W
FFs contributing to radio-toxicity after 1000
(First Fill)
years are listed in Table VI. 1. It is possible
1x10'
to consider at this point the surviving
100 200 300 400 500 600 700 800 900 1000
radiation as Class A (10 CFR 61) for surface
Elapsed Time, years
storage material even if the waste material
will remain buried and provided it is diluted FIG. 6.1 Evolution of the ingestive radio-toxicity of High
ins 1000m 3 /(GW e xa).
Level Waste (HLW) during Secular Repository period.
It is possible to further reduce the
activity of the residual waste by extracting some or all the sensitive elements of Table VI. 1 and
"incinerating" them with neutrons in the EA. A more detailed paper on incineration is in preparation [78]
and an experiment is in preparation at CERN [6], since most of the relevant cross sections are poorly
known. Here we shall limit our considerations to the ones on general strategy. Three possible further steps
are possible:
1) Technetium and Iodine are chemically extracted and incinerated. The first is a pure "Tc isotope and
the second besides 129I contains about 33% of stable isotopes which are kept in the incineration
stream. The total mass to be incinerated is about 19 kg/(GWe x a), which is modest. The ingestive
radio-toxicity of the remainder after 1000 years is reduced from 63.4 kSv to 16.2 kSv and the Class
A dilution volume from 1194 m3/(GWe x a) to 68 m3/(GWe x a).
6

5

4

2) Procedure as point 1) but also Caesium is chemically extracted. The amount of Caesium is much
larger, = 100 kg/(GWe x a). In addition isotopic separation is necessary in order to separate the 34
kg/(GWe x a) of 135Cs from the very radio-toxic (3.92 x 106 Sv) but shorter lived 137Cs. This may
be difficult, although a feasibility study has been carried out [79]. After incineration of 135Cs, the
ingestive radio-toxicity after 1000 years of the remainder is reduced to 6.3 kSv and the Class A
dilution volume to 29 m3/(GWe x a).
3) Procedure as point 2) but also Zirconium and Tin are chemically extracted. Both elements require
isotopic separation. One of the other isotopes of Tin is radioactive and slightly toxic. In this way
the only known long lived isotope left in the discharge is 79Se (0.3 kg) which represents 0.745 kSv
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arid the ridiculously small Class A dilution volume of 0.6 m3/(GWe x a).
These procedures (Figure 6.3) will ensure that the radio-toxicity of the FFs in the "Secular Repository"
is exhausted in less than 1000 years, which is a sufficiently short time to be absolutely confident that
current technologies of vitrification and of containment can make the storage totally safe.
1x10

xlO9-

S

PWRforstme
delivered energy
no reprocess

1x10° -

o

£

wo

I
1

,
1

s

§

1X10 6 -

EA discharge ./=JcH
(Asymptotic Fuel composition)

1x103

-

EA discharge. < =
(First Fill)

1x10'
figure 6 2

FIG. 6.2 Evolution of the ingestive radio-toxicity of
HLW beyond the "Secular Repository " period.

1000

1x1

Elapsed Tme, years
Figures 3

FIG. 6.3 Evolution of the ingestive radio-toxicity of
the FFs for different incineration procedures.

In addition to the FFs, in the High Level Stream there will be leaks of Actinides due to the
imperfections of the reprocessing. These radio-nuclides are more worrisome since some of them are
important a-emitters. The radio-toxicity and the a-activity in Ci for leaked fractions/= 10"4 and/= 2 x 10"6
are displayed in Figure 6.4 and in Figure 6.5 respectively. The radio-toxicity has two maxima or "bumps",
the first roughly for time span of the secular repository and a second for very long times, namely 105 -r 10s
years. The second maximum is due to 233U and its descendants. The first bump in the toxicity in the early
fillings is due to ^^U and it grows substantially in the later fillings and in the asymptotic fuel composition
because of the increased presence of B8Pu and its descendants. The a-activity is instead always determined
by the B2U and its descendants at short times and by 233U and its descendants at long times. The total ccactivity of Actinides is about 105 Ci, for a fuel mass of the order of 22 tons, which corresponds to an
average activity of about 5 mCi/g. Note that the activity of Thorium which is the largest mass is very small
and that if Uranium's are separated out they will have a specific activity which is about ten times larger
than the bulk of the spent fuel.
D.3.6.3. FUEL REPROCESSING METHODS

In our case production of the lighter Neptunium and Plutonium isotopes is very low and higher
actinides are nearly absent. However the (n,2n) reactions, more probable at high energies, increase the
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amount of highly toxic

Pa and
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U
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; 10.00-
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1000

1x10*
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Elapsed Time, years
Figure 6 4

FIG. 6.4 Radio-toxicity of the residual Actinide
waste stream for different leak fractions.

BapMd Time, years
Fgm 6.5

FIG. 6.5 a - activity of the residual Actinide waste
stream for different leak fractions.

The EA requires the recovery of the Uranium (B3U). However, it offers the opportunity of destroying

the other Actinides by concentrating them, after each discharge, in a few dedicated fuel bars (targets)
inserted somewhere in the bundles of ordinary fuel, where an incineration lifetime of years is at hand. The
amount of leaking Actinides in the High activity Waste stream destined to the Secular repository must be
a small fraction/£ 10"4 of the produced amount. If incineration of the long lived FFs is performed to

alleviate the radio-toxicity of the stored products after 500 years, an even higher performance in separating
power is advisable, / <, 2.0 x 10"6. The efforts in order to attain such a figure is justified by the considerable
benefit attained by the practical elimination of the "Geologic times Repository". We remark that such an
incentive has been so far absent.
Two methods have been considered and appear suitable to our application: (1) aqueous methods,
presently in use and (2) the newly developed pyro-electric method. We shall review both of them in

succession.
Aqueous reprocessing methods have proven to be efficient, particularly for the separation of U and Th
(99.5% and higher). The best known example is the THOREX process, based on solvent extraction through

the use of tributyl phosphate (TBP), which extracts and separates the Thorium and Uranium. Other
Actinides can also be extracted although their concentrations are so low that the extraction efficiency will
be lower.
Figure 6.6 describes schematically the overall fuel cycle. The fuel rods should be stored for cooling at
least for one year, to allow the U3Pa to decay to 233U. Fuel rods are then sheared and chopped. The gaseous
fission products will be accumulated, with in particular attention for the 85Kr and 14CO2 which are destined
to the secular repository. Dissolution should be made with a mixture of nitric acid (HNO3) and hydrofluoric

acid (HF) since ThO2 is a very refractory ceramic material. The HF concentration should not be higher than
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jThO2 Fuel Fabrication!
Energy Amplifier
675 MWe
Flux 2.33 x 10 15 cm' 2 s~ 1

Thermal efficiency 0.45
Exposure time 5 years
Capacity Factor 100%

Irradiated Fuel Storage
Cooling > 1 year

|Fuel recycling!——^.

(Th - U)O, Fuel Fabrication

U +Th

99.5 % Pu + 99.5 % Pa
+ Other Actinides

FIG. 6.6 Flow diagram of the partitioning process of spent fuel.

0.1 M and the addition of aluminium nitrate A1(NO3)3 as reagent could be needed in order to avoid
corrosion of the stainless steel dissolver. Before carrying out the solvent extraction process from the

obtained liquids they should be cleared of the remaining solids. The main components of the liquid will
then be Thorium, Uranium, Fission Products, Protactinium and other trans-uranic Actinides.
The classic process to carry out the separation of Th and U from fission fragments is the acid
THOREX. It uses TBP 30% v/v diluted with an organic solvent like dodecane. The partition of U from Th
is done by washing the organic phase with diluted nitric acid. The U stream will also contain the very small
amount of Pu and some contamination of Th and FF. The contamination of the Thorium stream will be
mainly FF. The high active liquid waste stream will mainly contain FF, trans-uranic Actinides (^'Pa, "'Np)
and some residual contamination of Th and U. Further cycles for purification of Uranium and Thorium
should be applied using TBP as extractant.
There is little information on the recovery of Pa and it will possibly require some additional studies.
Tests carried out at Oak Ridge have shown [80] that Pa could be absorbed from solutions with high content
of nitric acid by using various absorbents like unfired Vycor glass, silica gel or Zirconium phosphate. Its
extraction should be done from the high level waste stream. Relative to the other Actinides its extraction
will be less efficient since their concentration in the Highly Radioactive liquid Waste stream, although it
can and should be increased, will nevertheless be very low.
The performance quoted in Figure 6.6 is above the current values according to standard experience
on the THOREX process [13], [81], but appropriate tuning of the chemical parameters should allow higher
efficiencies. The minimisation and ultimate disposal of High-Level radioactive Waste (HLW) generated
from the reprocessing of spent fuel (THOREX) is an important part of the global nuclear fuel recycling
strategy proposed in the framework of the Energy Amplifier Concept, as an alternative to classical disposal
methods. The goal is twofold, (i) to recover from the insoluble residue useful metals such us Ru, Rh and
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Actinides
' Th-U-TRUs

Rare Earths
(Sm. Eu, Y)

Th

Halogens
(Br, I, etc.)
Chalcogens

High

Level
Waste
(HLW)

-Non Metal Waste—

(Se. Te, etc.)
Alkali

(Fib, Cs, etc.)
Alkali Earths
(Sr, Ba, etc.)
Actinides
(= 1 ppm)

HLW
Tc, Noble Metals
(Tc, Ru, Rh, Pd, etc.)

• Metal Waste •

Other Fission Products
(Mo, Zr, RE, etc.)
Actinides
(- 10- 100 ppm)

FIG. 6.7 High-Level Waste (HLW) reprocessing scheme.

Pd; (ii) and to separate Actinides1 and some of the LLFPs (Long-Lived Fission Products) for their further
use (incineration) or disposal. We believe this can best be achieved with the method developed in the
context of the EFR (Integral Fast Reactor) programme [82], where it is proposed to separate actinides2 and
FPs from HLW by dry process with pyro-chemical (or pyro-metallurgical) methods (Figure 6.7). However,
the only process that has reached an industrial scale is, at least for the moment, the PUREX process
(aqueous method) which has already been described in the previous paragraphs. All the other methods are
still in the technical or laboratory development phase.
Figure 6.8 shows the flow diagram of the dry process for partitioning of Actinides [83]. This process
consists of (i) denitradon to obtain oxides, (ii) chlorination to oxide to chlorides, (iii) reductive extraction
to reduce Actinides from molten chlorides in liquid cadmium by using lithium as reductant, and (iv) electrorefining to increase the purity of Actinides recovered. Both denitration and chlorination steps are pretreatment processes prior to the application of the pyro-metallurgical process.
The principle of the reductive extraction with the subsequent step of electro-refining is schematically
drawn in Figure 6.9. The electro-refiner is a steel vessel that is maintained at 775 K (500 °C). Liquid LiClKC1 electrolyte in the electro-refiner contains about 2 mol% of the Actinide chlorides. The Actinide
solution (in liquid cadmium) is inserted into the electrolyte and connected to the positive pole of a dc power
source (anode). The negative pole of the power source is connected to a cathode immersed in the same
electrolyte. The cathodes are simple steel rods. About 80% of the Actinide metals is electro-transported
from the anode to the cathode rods, where it deposits as nearly pure metal along with a relatively small

1

In the F-EA, the Actinide residue consists mainly of Thorium, Protactinium, Uranium and a very small amount
of TRUs, whereas in a PWR it is mostly TRUs.
2
We expect this method can be extended to the extraction of Thorium and Protactinium.
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amount of rare earth fission products'. All the products are retorted to remove salt (and Cadmium from the
Cadmium electrode). Ingots from the retort are blended to appropriate composition, and recast into special
fuel pins. The fission products, with the exception of Tritium, Krypton and Xenon, accumulate in the
electro-refiner during processing, and some noble metal fission products are removed with the anode after
each batch of fuel has been processed. The three gases are released into the process cell which has an argon
atmosphere. They are recovered at high concentrations by the cell gas purification system.
Several dozen batches of fuel are
processed in a "campaign". At the end of a
HLW
campaign, the salt in the electro-refiner is
treated by a series of steps to remove active
| Dentation j
metal fission products, paniculate noble
metals, and any oxide or carbide impurities
Oxide
Cl,
for incorporation in high-level waste forms.
The salt and its associated Actinide chlorides
are returned to the electro-refiner. The
CWcmnation
Actinide inventory in the electro-refiner
Off gas
CO, CO
amounts to about 20% of the Actinide
Chloride
(ACT+FP+CP+SC)
elements fed; this must be recovered to
achieve more than 99.9% overall Actinide
Fteducfive Extraction
recovery. A non-metal and a metal waste
form will accommodate all of the high-level
Molten Salt
Liquid Metal
wastes. The non-metal waste form will
(ACT+FP)
(FP+CP+SC)
contain Samarium, Europium and Yttrium;
the halogens and chalcogens; the alkali, and
ItecttoreJirung
Electrolysis
alkaline earth fission products; and a small
amount of excess salt generated in the
Cd+FP
Actinide Mixture
Waste
process. The Actinide content of that waste
(Anode)
(Cathode)
form will be exceptionally low (less than 1
part in I06 of the Actinides in the fuel that is
rx
Distillation
processed). The only significant long-lived
^Special Fuel Fabrication
activity in this waste will be Se-79, 1-129
and Cs-135: the total alpha activity should
be less than 10 nd g'. Metal wastes from
the electro-refiner - noble metals, cladding
hulls and salt filter elements - will be
Figu«? 0 s
combined with any process scrap such as FIG. 6.8 Flow diagram of the pyro-metallurgical process
2

broken electrodes and the rare earths from for partitioning of the residual Actinides from HLW.
the salt purification process in the metal

waste form. The metal waste form will have a very low Actinide content, because of the effective Actinide
recovery in the pyro-metallurgical process, but its Actinide level will not be quite as low as that of the nonmetal waste form. This whole process can be made continuous, and thus can take place in a matter of only
a few hours.

Pyro-processing offers a simple, compact means for closure of the fuel cycle, with anticipated highdecontamination factor (> 99.9%), minimal production of high-level radioactive waste, and significant
reductions in fuel cycle costs. In addition, mainly from the weapons proliferation viewpoint, it offers an
advantage over the PUREX and/or TRUEX methods, in that there is only partial removal of the fission

products. Even though the process is based on the use of a metallic fuel alloy with nominal composition
U-20Pu-10Zr, we believe it can be readily adapted to the EA fuel cycle without much efforts.
1

In reprocessing F-EA fuel, the complete removal of fission products may not be necessary since their effect on
the neutron economy is much less in a fast neutron spectrum than it is in a thermal spectrum.

300

The final content of the HLW stream
coming from the EA fuel reprocessing is
Pre - Processing
mainly FFs, with only traces of Actinides.
The volume generated is about 5 m3 per ton
of fuel. The following step is to concentrate
the aqueous raffinate and to transfer it to an
intermediate storage of the reprocessing
Molten San
plant. The volume of the concentrate will be
about 1 mVt. of fuel and the usual
Liquid Cd
intermediate storage are tanks of suitable
stainless steel such as to minimise the acid
waste corrosion. To prevent the highly active
liquid from boiling a redundant cooling
ACT = Actuudes
system is required. Then, the concentrate is
T Liquid Cd^\
[(ACT + RE)J
cooled for a period of about 10 years in order
to reduce the heat generation by more than
an order of magnitude before proceeding to
Anode
waste solidification. Among the fission
fragments, excluding the short lived and
stable elements, there are a few elements
which are medium lived (30 years, ^Sr,90Y,
l37
Cs, etc.) and some others ("Tc,l35Cs, 129I,
etc.) which are long lived (Table VI. 1).
Since Actinides are essentially absent from
Electrorefining
(Recovered ACT)
the HLW concentrates the policy we
proposed to follow is to store in manwatched, secular repositories for several
centuries the medium lived, in order to
Figure 6 9
isolate them from the biosphere and to
promote a vigorous research and FIG. 6.9 Schematic illustration of the pyro-metallurgical
development of methods for incinerating the partitioning process.
bulk of the long lived FFs. The EA is an
efficient tool to incinerate these wastes at the price of fraction of the neutron flux [6], but alternatively
dedicated burners can be used.

In parallel with the R&D on incinerators, development on solvent extraction methods of long lived FF,
which in some cases may additionally require isotopic separation, should be promoted, the goal being to
virtually eliminate the need for Geological Repositories.
After the concentrates will be cooled down for the 10 years period and the long-lived FF extraction applied
for later incineration the wastes will be solidified by using well known techniques. For instance by
calcination and vitrification. The first step allows to get waste oxides and in the second step glasses are
obtained by melting the waste oxides together with additives such as SiO2, B2O3, A12O3, P2O5, N&fi, and
CaO. Borosilicate glass is the most studied solidification product but others like phosphate glass, glass
ceramic, etc. are also used. When the solidification process is finished the wastes are ready for disposal in
the appropriate secular repositories.
D.3.6.4. SPALLATION INDUCED RADIO-NUCLIDES

In addition to the radioactive waste produced in the Fuel and in a minor extent in the Breeder,
substantial amounts of radio-nuclides are produced by the spallation target. As pointed out they divide
roughly into two batches, those which remain inside the molten Lead and those which are either gases or
volatile and which can be found in the neutral filling gas of the main vessel.
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TABLE VI.1. FISSION FRAGMENTS' ACTIVITY AFTER 1000 YEARS OF COOL-DOWN ESf THE
SECULAR REPOSITORY. VALUES ARE GIVEN FOR 1 GWe x year.
RadioIsotope
P.9j
9

*Tc

l26

Sn
Cs
93
Zr
79
Se
135

1/e Life

2.27E+7
3.05E+5
1.44E+5
3.32E+6
2.2 1E-H5

9.40E+5

Mass

Other
Isotopes

Activity @
1000 a

Ingestive

(kg)

(Ci)
1.43
284.29
33.79
39.32
65.64
2.06

(Sv) x 103
19.58
27.67
3.2
9.87
2.38
0.745

8.09
16.61
1.187
34.12
26.11
0.3

These last compounds are collected from the
gas and stored in an appropriate way in order
to avoid leaks in the biosphere (paragraph
D.3.5.8). The relative ingestive radiotoxicity of the various components of the
Spallation target are given in Figure 6.10.
Following Table V.9 spoliation products at
700 °C can be broadly divided into three
different categories namely (1) gases or
vapours in which the contribution of l94Hg
(751.9 a, 123 g/(GWe x a)) is largely
dominant in size and duration; (2) volatiles

3.48
—
1.783
66.77
99.11
3.02

Toxicity

Dilution
Class A
(m3)
178.47
947.65
9.65
39.32
18.75
0.59

1x10

1x10 10

__ EA discharge, f= 10
(Asymptotic Fuel composition)

1x10'

CS

which, after a few years, are essentially

dominated by to 204T1 (5.466a, 114 g/(GWe x
.fr
a)), (3) inter-metallic combinations (alloys)
with the molten Lead which at short times,
shows a leading contribution from '"Sr and,
at longer times by 202Pb (7.59 x 10 a, 614
Gases & Vapours
'9 700 °C
g/(GWe x a)). The radio-toxicity of the
spallation products is by no mean negligible:
at early times it is about 10"3 of the total
radio-toxicity produced. At the end of the
Secular repository time for FFs, the effects
1x10 .
of l94Hg exceed all other contributions until
about 2,000 years. There is no major
difficulty in extending safely and
1x10
economically the storage of about 2.3
1x O5
1X10
1x10" 1x1 tr
10
kg/(GWe x a) of Mercury collected as
Elapsed Time, years
Figure 6 10
vapours from the top main Vessel up to
about 2000 years. Note that at least in the FIG. 6.10 Relative ingestive radio-toxicity of the spoliation
present design, the molten Lead of the target products.
Target region is directly mixed with the big
volume (~ 1000 m3) which constitute the main coolant. Therefore at least the elements which remain inside
the liquid are largely dispersed. They will follow the fate of the Lead at the time of final decommissioning
of the installation.
We finally remark the existence of another lead isotope, M5Pb (2.21 x 107a) which is abundantly
produced by neutron capture of 204Pb, namely 3.54 kg/(GWe x a) in the target region and 23.15 kg/(GWe
U)

3

2
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x a) in total, and fortunately it is also rather inoffensive, since it is very long lived and it decays by Kconversion with an energy release of 51 keV mostly in the form of neutrinos.
D.3.6.5. RADIO-TOXICITY EMITTED IN THE ENVIRONMENT

Nuclear power production is based on the concept that pollutants and toxic materials are retained within
the plant and in total isolation from the biosphere. The limited mass of such products makes it possible to
achieve such a goal. Mining process however cannot retain all products and a significant amount of
radiation is emitted in the biosphere during preparation of the fuel. Likewise in the reprocessing of the spent
fuel some radioactive elements are currently re-emitted in the biosphere. Finally the ultimate storage of such
materials (geologic repository) have raised some question on the ability of isolating them from the
biosphere for times which largely exceed what can be considered an experience based retention. The EA
concept strongly reduces such environmental impacts, when compared to the present reactor technology.
We examine these points in turn.
(1) Mining. Thorium is largely present in the Earth's crust, but in small concentrations. In addition
several minerals exist, which have an excellent concentration of Thorium and which can be
exploited economically. The primary choice is the monazite, which is a phosphate of Cerium and
other lantanides, containing a variable amount of Thorium and Uranium in a solid mixture. Usually
the Thorium concentration is of the order of 10% but some mineral may reach as much as 20% by
weight. Uranium minerals are usually much less rich, its concentration being in the best cases of
the order of 0.2%. Incidentally one can remark that the solubility of Thorium is 1000 times smaller
than the one of Uranium. Taking into account that Thorium burnt in the EA has an energetic yield
which is 250 times larger than one of natural Uranium destined to PWRs, we conclude that the
relative mining effort is reduced by a factor of the order 250 x 50 = 12500 times for a given
produced energy. Starting with mineral containing 10% of Thorium by weight we need to dig only
70 tons of mineral to produce GWe x a. For comparison and for the same energy produced the
standard PWR methodology would require 0.875 106 ton of mineral. In the case of Coal, the mass
of fuel (TEC) is 4.24 106 ton.
A pure Thorium mineral out of which the totality of Thorium is extracted will produce tailings with
a negligible radio-toxicity after some sixty years, since all descendants of 232Th have short decay
lifetimes. Their evolution is governed by the 5.7 year half-life of 228Ra. Furthermore there will be
no risk associated to Radon, since ""Rn has a half-life of 55.6 seconds and it decays before
escaping the minerals. As pointed out by Schapira [5] the situation in reality is somewhat more
complex, mainly because the monazite, which is the primary source of Thorium is generally mixed
with some Uranium contamination. Such a contamination is strongly source dependent, as shown
in Table V1.2, taken from Ref. [5]. Assuming somewhat pessimistically that the Uranium content
is about 10% of the one of Thorium and that the long lived toxicity and Radon contamination are
primarily due to Uranium, we conclude that the radio-toxicity produced at the mine is in the case
of an EA about 250 / (10%) = 2500 times smaller than the one of today's PWR for a given energy
produced.

The UNSCEAR report [7] has estimated that the level of exposure of individuals to mining for
today's PWRs amounts to about 1.5 man Sv (GW y)"1 as local and regional component and to 150
man Sv (GW y)'1 as global component We remark that according to the same report the production
of electricity from Coal is estimated to result in a global collective dose of 20 man S v (GW y)"1. The
practice of using coal ashes for production of concrete will add as much as 20,000 manSv (GWy)"1.
Values relative to Thorium and its use in the EA for some possible mineral sources are listed in
Table VI.2. We conclude that the typical radiation exposure to public with the EA due to mineral
mining for the same energy produced are much smaller than today's PWRs and also Coal burning,
even if solid ashes are correctly handled.

303

TABLE VI.2. URANIUM AND THORIUM CONTENT IN PERCENT [5] AND LEVELS OF
POPULATION EXPOSURE FOR TYPICAL ORES [7].

Source

UO7

Italy
Sri Lanka

15.64
0.1

California
India

6.95
0.29

(2)

(3)

Ratio U/Th
ThO,
11.34
14.32
4.22
9.80

1.38
0.007
1.64
0.029

Local

Global

8.28 x 10'3
4.20x 10'5
9.84 x 10'3

0.828
4.2 x 10°
0.984
0.0174

1.74x IQ-4

The same report estimates the collective dose due to initial Uranium enrichment and fuel
fabrication to as little as 0.003 man Sv (GW y)"1. In the case of the EA it is expected to be at
least 1/4 of such a number, since the bum-up is four times longer and there is no isotopic
separation. The collective doses are negligible in both cases.
EA Operation. During the EA operation the fuel and the spallation target volumes are kept
strictly sealed. Indeed also for proliferation protective measures it is recommended that such
volume be opened only in occurrence with the re-fuelling, namely once every about five years
and only by a specialised team. While the fuel is safely sealed, the Lead coolant produces a
significant amount of radioactive products, some of which remain in the liquid phase, but
others are either gaseous or volatile and are found in the neutral gas (Helium) with which the
main Vessel is filled. These volatile compounds are summarised in Table VI. 3, extracted from
Table V.9. Some of these are noble gases and Tritium which remain gaseous at room
temperature.Other, mostly Mercury and Thallium can be condensed and preserved in the solid
state. Some other elements will be collected by the Lead purifier. In view of its small amount
involved we believe that the gaseous elements can be released in the atmosphere. The collective
effective dose per unit energy release is given by the UNSCEAR report [7] and summarised
in Table VI.4. It is assumed that gases are released every 6 months, without cool-down period.
A short cool-down will dramatically reduce the effects of 127Xe (52.63 d) and it is
recommended. The total local and regional doses are 0.42 man Sv (GW y)"1. The global doses,
integrated over 10,000 years, following the convention of Ref. [7] are of 0.18 man Sv (GW y)"1.
Both values are dominated by the effects of Tritium. The rest of the solid high activity waste
from the spallation products (dominated by Mercury and Thallium) has a substantial ingestive
radio-toxicity (Figure 6.10) and it should be carefully accumulated and destined to the
repository.

Fuel reprocessing has to deal with the very large radioactivity of the spent fuel. Since the
techniques are not different that those generally in use, we can make direct use of the estimated
collective doses of Ref. [7] (Table VI.5), taking into account the differences in stockpile of the
radio-nuclides produced (see Table V.8). It is however assumed that both MC and 85Kr are
extracted during reprocessing and sent to the repository for cool-down. Separation of 85Kr can
be performed cryogenically according to a well documented procedure [84]. Also I4C once
reduced in the form of CO2 can be extracted on the same time by the same method.

The total doses to members of the public are summarised in Table VI.6. Total global dose truncated
at 10,000 years is 0.6 man Sv (GWa)"1, namely for the same energy produced about 0.003 of the one of an
ordinary Reactors [7] — without counting occurred criticality and melt-down accidental releases, avoided
by the EA, (* 300 man Sv (GW y)'1) —and about 0.03 of the alternative of Coal burning, even if solid
ashes are correctly handled.
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TABLE VI.3. RADIO-NUCLIDES EMITTED IN THE NEUTRAL GAS INSIDE THE VESSEL BY THE
SPALLATION TARGET AND THE MOLTEN LEAD COOLANT (* 700 °C).
________Gas at Room Temperature_____Solid at Room Temperature__________
Boils at
Mass
1/e
Boils at
Mass
1/e
op
0/->
3

H

39

Ar

42

81

1.435

17.83

a

-252

0.336

389.0 a

-186

35

S

0.009

126.5 d

65

Zn

0.004

353.2 d

907

2.424

0.723E+15y

907

0.329

116.1

615

Ar

0.336

47.57 a

-186

70

Kr

5.777

0.331E+6a

-153

73

4.326

15.55

-153

85

Kr

127

Xe

0.37

a

52.63 d

-108

Zn
As

d

445

615
83

Rb

0.036

124.6

d

688

86

Rb

0.181

26.94 d

688

(675)'_________________
I09

Cd

1.627

125

I

a

767

0.014

85.90 d

184

124

0.043

87.05 d

125

0.404

3.988 a

1,585
1,585

131

0.003

134

0.282

14.01 d
2.982 a

671
671

194

415.9
6.252

751.9 a
67.40 d

357
357

15.25
386

17.68 d
5.466 a

1,473
1,473

0.995

200.1

254

Sb
Sb

Cs
Cs
Hg

203

Hg

202JJ
204

T1

210

Po

1

1.833

d

Total integrated production, without decay over 5 years.
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TABLE VI.4. NORMALISED, COLLECTIVE EFFECTIVE DOSE FROM LOCALLY, REGIONALLY
AND GLOBALLY DISPERSED RADIO-NUCLEI DURING OPERATION OVER A PERIOD OF
10,000 YEARS.
Normalised release
(TB(l)

3

Collective dose per unit release
(man SvTBq')[7]

Normalised collective Dose
(man Sv (GWa)'1)

Local &
Regional '

Global 2

Local &
Regional

Global

0.185

H

521

0.0027

0.0012

0.418

14C

—

0.4

85

—

5.0 10^

9.4 10'

6.38 10'5

7.4 10'6

6.1 lO'5

7.2 10-6

5.91 10-5

0.004

7.4 lO'6

1.8 10'2

9.2 10'9

2.24 1C'5

63.6

7.4 10'6

2.0 10'5

1.4 10"4

3.77 10^

3

8.2 10'

1.16 10"1

0.42

0.186

Ar

0.43

7.4 10"*

42

Ar

3.268

Kr
ssKr

sl

—
7

39

i2?Xe

3,718

Totals

4,307

3

7.4 10*

7

1.05 10'

TABLE VI.5. NORMALISED RELEASED DOSE OF AIRBORNE AND LIQUID EFFLUENTS OF
RADIO-NUCLIDES DURING REPROCESSING OF FUEL. VALUES HAVE BEEN NORMALISED
TO CURRENT PRACTICES [7].

Process

(kg)

3

H

EA/
PWR

Normalised collective Dose
(man Sv (GWa)'1)
Airborne
Effluents

Liquid
Effluents

Comments

—

10

0.11

0.0012

assumed same as PWR

C

0.0145

9.2

(7.45)

—

Retained

Kr

21.64
10.16

(0.924)

—

Retained
Standard practices
"

14
85

129

27.28

1.722

0.43

—

131

0.2924

0.458

1.37x10^

—

0.0188

1.22

((

a

—

0.205

<(

it

—

0.207

tt

if

0.6

7.63

I
I

137

118.5
1.109

^Sr

74.76

106

1.147
0.074

I
Ru

Totals
1

1.578

For noble gases, values are taken to be the same as 83Kr.
For noble gases, values are taken the same ones as 85Kr, for decay over 10,000 years.
3
Periodic (every 6 months) release, without cool-down.
2
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D.3.6.6. CONCLUSIONS
Realistic schemes are possible in which the spent Fuel from the EA is "regenerated" for further uses.
Separation of the fuel materials into two streams is performed, the Actinide stream destined to the fuel
fabrication and the FFs stream which is destined to the Secular repository. After 500 years the radio-toxicity
for unit energy produced of the EA is about 20,000 smaller than the one of a PWR with a "throw-away"
cycle. Incineration with the help of neutrons of some of the critical, long lived radio-nuclides can strongly
reduce the radio-toxicity of the waste beyond 500 years. If sufficiently diluted it could be also let "die
away" without incineration since it can be made to satisfy the requirements for Class A repository. Note
also that at that time the residual ingestive radio-toxicity is comparable with the one of the Thorium metal
burnt in the EA.
TABLE VI.6. SUMMARY OF NORMALISED, COLLECTIVE DOSES TO MEMBERS OF THE
PUBLIC FROM RADIO-NUCLIDES RELEASED FROM THE EA.

Local and regional Doses
(manSv(GWa)'1)
4.2 10'5 H-9.8 10'3

Global Doses
(manSv (GW a)"')
0.0042 -=- 0.984

EA operation

0.42

0.188

Reprocessing (Atmospheric)

0.60

0.1

Reprocessing (Aquatic)

1.63

0.1

0.1
2.75 -r 2.76

0.05
0.44 -r 1.42

Source
Mining ', Milling, Fuel fabrication

Miscellanea2
Totals (variation over mining range)

An essential element in the clean disposal of the spent fuel is the small leakage of Actinides (mainly
Uranium) into the FFs stream. A level of 100 ppm. or better is required. We believe that it is within the
state of the art, eventually with a few improvements.
An important source of radio-toxicity are the spallation products due to the proton beam interacting
with the molten Lead target. A specific element of concern is 194Hg which is the main surviving source of
toxicity of the EA in the period of time between 500 and 2000 years. It can either be preserved far from
the biosphere that long or, alternatively, incinerated, following the fate of the Actinides inside the EA.
Unfortunately the relevant cross sections are only poorly known but they should be measured soon [6].
An experimental test of the feasibility of incineration with neutrons in a Lead diffuser [6] is in
preparation at CERN. Would it be successful it could offer the right technique in order to eliminate also
the modest amount of long lived radio-toxic elements produced.
Likewise important is the total radioactivity doses to members of the public due to operation. Total
global dose of the EA truncated at 10,000 years is estimated to be 0.6 man Sv (GW a)"1, namely about
1/330 of the one of an ordinary Reactors for the same energy produced (200 man Sv (GW a)'1)— without
counting occurred criticality and melt-down accidental releases, avoided by the EA (=300 manSv (GW a)"1)
— and about 1/33 of the alternative of burning Coal (= 20 man Sv (GW a)"1), even if solid ashes are
correctly handled.

1

The dose range depends on the Uranium content in the Thorium mineral. We have taken extreme values of
Table VI. 1.
2
This includes mainly Transportation, Fuel fabbrication, Solid Waste disposal. Figures are taken from Ref. [1].
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D.4.1.1. INTRODUCTION.
D.4.1.1.1 Introductory comments
Completion of cold war between the former USSR and the countries of NATO and USA has
called global reducing of nuclear weapon. Use (or destruction) of several dozens of tons of weapon313

grade Plutonium (W-Pu ) is a many-sided problem, including various aspects, such as W-Pu use in
existing nuclear reactors or creation of Nuclear Power (NP) installations of a new generation. Among
them the main places take the projects of Accelerator Driven Systems (ADS), development of methods of long-duration safe storage of W-Pu, maintenance of its physical safety and the problem of nonproliferation.
This report is devoted to the substantiation of advantages of W-Pu use in ADS power installation.
The problems are determined:
- area of research - W-Pu use in ADS power installations;
- purpose and problems of research - creation of safe and reliable ADS installation for processing
of ~ 50 t of W-Pu in 30 years on the basis of a linear accelerator of proton with energies 0,8-1,2 GeV
and a current 10-30 mA; melt-down Pb-Bi eutectic targets; partitioned fast - thermal blanket with
Plutonium fuel. Thorium is used as reproducing materials; actinides formed being incinerated in fast
zone of blanket;
- objects of research - linear accelerator with beam transport systems, neutron-producing target,
partitioned blanket, monitoring and controlling system fuel cycle, electro-nuclear neutron generator;
- modem status of objects in consideration.
Method of W-Pu utilisation is substantiated. It consists on understanding of unconditional priority of safety of ADS power installation over economic considerations and, accordingly, priority of
subcritical systems over critical, which are cheaper but have not a sufficient level of safety on condition that Pu and actinides are used as fission materials.
Choice of accelerator with superconducting accelerating structures is justified. At a current of
protons 10 mA and higher common efficiency of accelerator will be not below 60 %. The large stocks
on throughput provide losses of proton beam not more than 10"5, that guarantees radiation cleanliness
of accelerator, hand-operated service, and opportunity of accelerator burial during its removing from
operation without use of special storage.
Consumed capacity and cost of operation for superconducting linear accelerator is essentially reduced, the reliability is increased, length is not less than 2 times decreased.
In the offered report the description of a variant of ADS installation, the most acceptable for Russia from the point of view of opportunity of its realization in reasonable terms (7-10 years ) on the
base of feasible technologies is given. For main elements of installation alternative variants and existent prototypes in Russia and abroad are considered. Evaluations of possible experimental and calculational support of chosen installation variant are given.
Techniques of calculation of main parameters of installation, including processes of fuel bum- up
in blanket and optimum library of neutron constants are chosen.
With the use of existent analogues the cost of ADS installation as well as the cost of its operation
during a scheduled period and removing from operation on the basis of cost valuations of various
kinds of activity, characteristic for Russia, is determined.
The decision of W-Pu utilization problem in ADS installation is based on the following main
principles:
- Pu (weapon and energetic grade) is national riches of Russia and is a subject of only rational
utilization in NP installation (immediately or after some period of storage ).
- Pu utilization should not result in diminishing nuclear and radiation safety of NP installation.
The refusal from critical NP installation in favour of ADS installation having a powerful external
source of neutrons is one of the most effective means of increasing safety of NP installation.
- At preservation of necessary level of safety of ADS installation with Pu and effective workingout of electric power, it should use excess fission neutrons for producing new perspective fission materials (for instance, 233 U) with their partial buming-up ( it increases efficiency of working-out of
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electric power per unit of initial fission material), radionuclides of various purposes, transmutation of
a number radionuclides ("Tc, 129I) not requiring large neutron fluxes.
- For maintenance of technical realization of ADS installation and technical reliability at the stage
of formation of active zone, blanket elements should be used the serviceability of which are checked
on operating critical NP installation or in special loop resource experiments.
- For fuel elements and fuel compositions the worked out and operating ( or have to be put in operation to a certain term) radiochemical technologies must exist.
- Complete refusal from conventional reactor control system leads to diminishing of nuclear
safety and work efficiency of blanket, that requires conservation of useful elements of a system.
Creation of control system for ADS installation - a new, yet by nobody investigated problem.
- Justifying impossibility of restoration of W-Pu after its use in blanket of ADS installation, it
should note that nuclear fuel of ADS installation is better protected from thefts or switching it on
manufacturing of weapon in comparison with the fuel of critical systems, since the opportunity to
work in subcritical mode reduces the requirements to fuel composition, enabling including in it high
active or high absorbing components.
- The problems of maintenance of physical protection of W- Pu in ADS installation do not differ
in essence from appropriate problems for critical NP installation.
-The fitness of ADS installation is stipulated by the fact that acceptability of nuclear power for
the population is impossible within the framework of conventional nuclear technologies with critical
NP installation.
- ADS installation - in essence a new approach, completely excluding reactivity failure at the expense of deep subcriticality of blanket, failure caused by melting of blanket because of impossibility
essentially to increase current of accelerator, as well as at the expense of guaranteed switching-off for
a time ~1 ms with any given probability.
- The level of thermal neutrons flux in blanket with W-Pu in a mode of 232 Th-233!! production
from Th does not exceed - 1014 n/ cm2 s therefore such type of active zone have relatively low specific power.
- Thermal neutrons flux of a necessary level in blanket is provided by a linear proton accelerator
with technically realizable parameters on the basis of worked-out technologies as well as by justified
effective neutron-multiplication factor in blanket.
- Including of actinides for transmutation and fission products into blanket should not result in
diminishing safety below limit characteristic for critical NP installation.
- At formation of blanket scheme the partitioned approach with the best use of neutron properties
of multiplicating lattices with various spectrum of neutrons is necessary. For this purpose the fast
neutron multiplication zone with coolant coincided with target material should be arranged around
superfast neutron source target.
By choice of parameters of multiplicating zones of blanket unique experience of creation fast reactors in Russia and other countries as well as heavy-water reactors of various types and purposes and
the most perspective type of NP installation on thermal neutrons from the point of view of economies
of neutrons and maintenance of internal safety properties is to be used.
Chemical technology defines reliability, technical safety and economy of ADS power plant in
many respects. Significance of chemical technology is conditioned by using of heavy water, that is
tied, besides problems of water preparation, special water purifying and degassing, with conditioning
of initial heavy water, its detritization, deprotization, with necessity of deuterization and dedeuterizatio of used ion exchange materials and so on.
The decision of a problem of ADS installation on W-Pu will essentially speed up creation in the
nearest years ADS installation small power on the basis of already operating accelerators and multiplicating systems.
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Support experiments for heavy water blanket zone physics could be realized on zero power heavy
water reactor MAKETITEP.
- In parts of the report, relating to various elements of ADS installation, the information on the
programs and neutron constant maintenance of calculation of installation elements is given. The list of
experiments for project support, testing of programs and libraries of constants made for creation ADS
installation is defined.

D.4.1.1.2. Comparison of circular and linear accelerators for intensive proton beam production
The circular and linear accelerators of intensive proton beams, being machines of different
classes, have own areas of effective application. The region where a sharp competition between these
classes of installations is possible, is rather narrow.
The main attractive quality of cyclic accelerators - repeated use of an accelerating field and, as a
consequence, their compactness. The external diameter of terminal cyclotron BSSC of an accelerating
complex on energy 990 MeV, suggested by C. Rubbia for "the energy amplifier" [1], is equal only 16
m. However current limit, which authors rely on, makes only 10 - 12,5 mA. Note, that on today highest current, received on cyclotron SIN, is equal only 1,5 mA. If in opportunity of easy progress in
current from 1,5 up to 10 mA one makes doubt because of plenty of resonances, an achievement of
substantially large currents is not assumed even by the authors of the project.
Another situation is in linear accelerators. Here, efficiency of the accelerator rises with beam current growth. Today, a structure of high efficiency linear accelerators on current 300-500 mA and more
is real. The area of average currents from several units up to few tens of milliamperes is covered at
high efficiency with use of superconductivity or pulsing mode. There is no doubt in principle possibility of current acceleration up to several hundreds of milliamperes, since the stage is for a long time
covered in pulsing mode.
At natural extraction of particles along straight line, particle losses in a linac are less. For instance, relative losses are 10"4 on the whole length of the accelerator LAMPF, while only in extracting
node of SIN, they are equal 2-10"4 locally.
Large length of linear accelerators is sometimes considered like a disadvantage. The machine on
energy 1 GeV in "warm" variant has length about 1 km. However, for intensive beam production it is
rather plus, than minus. On large length of the accelerator it is easier to solve problems to feed RF
power, making tens-hundreds MW, and heat removal, and at the same time a distributed level of a
radiation field is less, that facilitates service.
Complete efficiency of C. Rubbia's accelerating complex is estimated as 40-42 %. For linear accelerator in "warm" variant (continuous or pulsing mode) this parameter lays in the range of 40-60 %
(depending on beam current), and in superconducting variant - 60-70 %.
Application of superconductivity in linear accelerators permits to increase rate of acceleration as
well as to reduce length of resonators and building. Use of superconductivity in cyclotrons is probably
complicated, in particular, because of presence of a magnetic field destroying superconductivity,
which, to the point, is the essential consumer of the electric power, and which is not present in linear
machines.
For production of currents more than 10 mA, the supporters of cyclic machines offer to use several complexes, similar mentioned above. We compare (see Tab. I) variants of production of required
30 mA beam current at energy 1 GeV in case of offered in present project LPA and in variant of several complexes of cyclic accelerators [1.2.1]. The items of information on cyclotron complex dimensions have rough character, since they were estimated on schemes and drawings. However common
insight can give the following comparison:
From Table I one can see, that in cyclotron variant capital expenses on building construction and
operational expenses on service for 3 independent accelerating complexes will be essentially more, as
soon as reliability (at least, of the vacuum system) - is much lower, than in case of linear accelerator.
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Besides, LPA efficiency is by the factor of 1,5 higher. Therefore multicomplex cyclotron variant cannot compete linac variant.
Summarizing stated above, but not applying on categorical resume, it is possible to make the following conclusions.

TABLE I. COMPARISON OF CYCLOTRON WITH LINAC ACCELERATOR_______
C. Rubbia proposal
(with cyclotrons)
Amount of accelerating facilities

Efficiency

Alternative proposal
(with SC linac)

3

(%)

40-42
3

Vacuum cavity volume

(m

Building for accelerators
(without technology system)

(m3)

)

65

486

30

27000

6000

In the range of proton beam currents from small values up to about 10 mA depending on specific
conditions the use both cyclic and linear accelerators may be considered as effective variants (last - in
superconducting or pulsing modes). In region of currents, more than 10 mA there are no another variants except use of linear accelerators. And in range 10-70 mA (approximately) - by use superconducting or pulsing mode, and at much large currents - by continuous regime with "warm" resonators.

D.4.1.2. LINEAR ACCELERATOR OF PROTONS AND NEGATIVE IONS OF HYDROGEN FOR
ADS POWER INDUSTRY.
D.4.1.2.1. Introduction

Solution of the tasks of conversion of weapon-grade Plutonium and of nuclear-power tasks
("power amplifiers" [2]) requires proton beams with energy 1 GeV and average current 10 - 30mA.
The most expedient way of obtaining of such proton beams is acceleration in linear accelerators with
superconducting accelerating structures. As it is shown in this technical proposal total efficiency of
such accelerator under acceleration of beam 10 mA and more will be not lower than 60%. High margin of acceptance in the considered version of linear accelerator allows to expect that losses of the
beam in the process of acceleration will not exceed 10 . Modem level of technique and of technology
allows to realize the proposed project of linear accelerator. The accelerator will be radiation clean [3]:
it may be serviced without manipulators (hand-operated); elements of the accelerator do not require
any specific processing and burying after decommissioning of the installation.
Superconducting linear accelerator of protons [4] possesses a number of decisive advantages in
comparison with "room" temperature accelerators in the region of average beam currents of tens of
milliamperes: consumed RF power is significantly decreasing and as a consequence the cost of construction and of routine operation are going down, reliability rises and not less than twice the length
of the accelerator decreases.
Some publications consider possibilities of production of proton beams with similar parameters
by installations consisting of a cascade of isochronous cyclotrons [2] or by a cyclotron with separated
orbits [5]. It is not difficult to show that even in the case of realization of these projects their technical
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parameters - efficiency and losses - will be lower than of a superconducting linear accelerator. Efficiency of cascade cyclotrons [2] will be not higher than 40%.
Description and the characteristics of the accelerator of protons and negative ions of hydrogen
are presented in this work. Energy of accelerated particles is 1 GeV, current - up to 30 mA. Accelerating structures are superconducting. The base of the work is taken from [6].
D.4.1.2.2. Principal scheme of the linear accelerator. The main parameters

The proposed scheme of the CW proton linear accelerator to energy 1 GeV and current 10 30 mA with superconducting accelerating resonators [6] is shown in the Fig.2.1.
The injector produces a beam of protons with energy 60 keV. Further the protons are accelerated
in the initial part of the linear accelerator (DPA) - an accelerator with space-uniform quadrupole focusing (RQF). A four-chamber H-resonator excited with the wave TE2M of 425 MHz accelerates protons to energy 3 MeV.
The first part of the linear accelerator consists of short four-gap resonators with drift tubes excited at the frequency 425 MHz. Energy of protons in this part of the accelerator rises to 50 MeV (this
figure will be corrected after detailed investigations). Separation of the accelerating structure to short
resonators is dictated by necessity to place between them quadrupole focusing lenses of permanent
magnets. The structure of the period of focusing is FODO. Total number of resonators 28.
60keV

UP

3,5m

1 GeV

50 MeV

3 MeV

20m
425 Mhz

Main Pan
380m
1275 Mhz

0H0

JIB - 2

FIG. 2.1. Scheme of superconducting proton linear accelerator with the energy of 1 GeV and the
current of 10-30 mA: H - injector; RFQ - initial part of accelerator; P2-P333 - resonators; K - permanent magnet quadrupoles; KY-] - HF amplification channel at 425 MHz; KY-2 - HF amplification
channel at 1275 MHz; M 3 V - powerful master device.
The second (main) part of the linear accelerator provides acceleration of protons to energy
1 GeV. Accelerating structure consists of 304 nine-cell axially symmetric resonators with cells of
elliptical shape excited at the frequency 1275 MHz. Odd ratio the frequencies of the first and the second parts of the linear accelerator is equal 3 and this allows in case of necessity to accelerate simultaneously protons and negative ions of hydrogen. Acceleration rate at the "pure" length of the resona318

tors is 5 MeV/m. Averaged along the whole length of the accelerator rate of acceleration is 2.5
MeV/m.

HF system and the system of automatic control are proposed as classic for proton linear accelerator scheme.
The main parameters of the linear accelerator are presented in the Table EL Value of power for
acceleration of the beam is given for the current 10 mA. For higher intensity beams of protons this
figure should be proportionally increased. Losses taken by Helium do not change. The parameters of
the acceleration will not change for the case of acceleration a beam of negative ions of Hydrogen.

In order to provide superconductivity the resonators, operating surface of which is covered with
Niobium layer, are cooled by liquid Helium. Adopted temperature 2K corresponds to minimum of

capital investments and the cost of routine operation. The version of the cryogenic system consisting
of typical cryomodules is chosen in these technical proposals. A cryomodule consists of a cryostat
with several resonators together with adjacent devices inside of it. Different versions of cryomodules

were considered. As an example a cryomodule of the main part of the linear accelerator is shown in
the Fig.2.2. it consists of two accelerating resonators: 1 - a quadrupole lens, 2 - resonators, 3 - Helium
vessel, 4 - magnetic and nitrogen shield, 5 - vacuum housing, 6 - superinsulation, 7 - tubes for liquid

Helium, 8 - can-type RF window, 9 - waveguide, 10 - mechanical drive, 11 - a mechanism for adjusting of the resonators, 12 - a load to suppress higher modes, 13 - 14 - supports, 15 - a frame with adjusting devices.
The following ideology linked with quantitative characteristics of heat removal by Helium is
adopted. Total power of losses for Helium in the resonators of the linear accelerator is approximately
4000 W (Tablell). Acceptable losses by Helium due to losses of the beam in the linear accelerator
with hand controlling are 380 W or approximately 10% of the losses in the resonators. The same
value is taken for acceptable heat flux from the external space through the cryostat. It defines the requirements to thermal insulation of the cryostat. So the total thermal power (PHe) removed by Helium
is 4700 - 5000 W.
One of the main characteristics of particle accelerators for the considered nuclear-power utilization is the value of total efficiency defining efficiency of utilization of electric power put to the accelerator. Estimation of the efficiency for the proposed linear accelerator is given later [7].
Full efficiency of a superconducting linear accelerator
r\ = Pb/(Pe + Peke),
where Pb is HF power for acceleration of the proton beam, PC and Peke - powers of electric
feeding of the HF system and of cryogenic system of the accelerator. Let us introduce notations for
efficiency of HF system T)rf = Prf / Pe and Tjk = PHe/Peke- Then
Tl = Pb/[(Pb + P rf.cOV1 + PHe V1],

Where Prf.c is power of HF losses in the walls of the resonators.

AsPb»Prf.c

then r\ = Pb/(PbV1 + Phe-Tlif1),

The efficiency of cryogenic system may be estimated from the relationship [8]
Tlk = 0.3 T2/(T] - T2)
.3
For T, = 300 K and T2 = 2K we have r|k = 2-10 . Accepting for estimation T|rf = 0.7 and

PHe = 5 kW we shall obtain expression for calculation of efficiency of superconducting accelerator as
a function of Pb:
Ti = Pb/(1.41-Pb +2.5-106)

Under beam current 10 mA Pb = 107 W efficiency of the accelerator is equal 60%. For beam current 30 mA we have T| = 65%.
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FIG. 2.2. Cryomodules

D.4.1.2.3. Beam dynamics
DA. 1.2.3.1. Initial part of the accelerator (RFQ accelerator)

Calculations and investigation of beam dynamics allowed to define main parameters of RFQ section which 1S the initial part of the accelerator (Table II). Voltage between the electrodes is 60 kV.
A matching fun of 3pX length is placed to match the beam at the input of the accelerator.
Variation of the main parameters along the channel is shown in the Fig. 2.3 where the curves of
variation of average radius of the beam R, coefficient of electrodes modulation m, equilibrium phase
FS, efficiency of acceleration T, voltage between the electrodes U are presented. All curves are presented in three scales: in dependence of the distance to the beginning of the accelerator Z, particle
energy W, number of a period N (length of a period - pA,).

Figs 2.4 and 2.5 show behaviour of phase and radial trajectories of the beam; the last are presented at the background of the aperture of the channel: upper line corresponds to the largest aperture
at a period, the lowest - to minimal, medium - to medium radius of the aperture. Trajectories show
that the beam may pass through the accelerating-focusing channel practically without losses.
Results of calculations allow to shows: a) phase width of output beam is rather small in order to
start acceleration in the following sections with equilibrium phase -45° (with some margin);
b) coefficient of rising of the emittance due to dependence of the phase portrait of the beam upon
phase of leaving at RF-period is 1.5 - 2; this was the reason why under calculation of the following
part of the accelerator emittance of input beam was supposed to be 0.1 Ticm-mrad (with some margin)320

D.41.

2.3.2. The first part of the accelerator.

The first part of the accelerator consists of short resonators containing 4 similar single-gap cells.
The length of a cell - PX. Calculations and investigations of particles dynamics allowed to define the
main characteristics of the accelerator which are presented in the Table n. Structure of focusing period is FODO. Maximal length a lens - 5 cm, maximal gradient of magnetic field is 7-8 kGs/cm.
Calculations and investigations showed that the intervals between the resonators from 6 cm at the
beginning to 20 cm at the end of the accelerator are acceptable.
TABLE n. MAIN PARAMETERS OF SUPERCONDUCTING LINEAR ACCELERATOR FOR
ENERGY 1 GEV AND CURRENT 10 mA
Parameter

Initial Part

First Part
4-gap resonator
with drift tubes

Part Second

Type of accelerator, resonator

RFQ

Injection energy, MeV

0.06

3

50

3

50

1000

425

425

1275

1

28

304

0.007-0.056

0.6-2.0

2.0-4.0

Acceptance, specified, n cm-mrad

0.07-0.25

0.2-0.35

0.5-0.7

Effective emittance, specified, n cm mrad

0.04-0.08

0.08-0.12

0.12-0.2

Output energy, MeV
Frequency of accelerating field, MHz
Number of resonators

Period of focusing, m

9-cell resonators

Equilibrium phase, deg

-(90-45)

-(45-30)

-30

Phase width, deg

360-40

40-15

45-40

Pulse spread at output, %

0.4

0.08

0.025

Resonator length, m

3.2

0.25-0.85

0.35-0.93

Diameter of resonator, cm

15.6

49-45

24-21,6

Aperture diameter, mm

3-6

15-20

30-40

Accelerator length, m

3.5

25

380

Power for beam, kW

30

470

9500

50

580

3400

Losses removed by Helium per a part of
accelerator, W

The Figs.2.6 and 2.7 show longitudinal acceptance of the first part and the phase portrait of the
beam at the output. Comparison of the acceptance of the first part presented in the Fig.2.6 with phase
portrait of the beam at the output of the RFQ section show that passage of the beam from the initial
part into the first one may be realized without losses of particles.
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FIG 2 3 Parameters of RFQ section with energy of 006 - 3 MeV R - minimal aperture radius , melectrode modulation factor, FS- equilibrium phase U- voltage between electrodes (relative units), Tacceleration efficiency
In order to define conditions of passage from the first part into the main accelerator and also
from the initial part into the first additional investigations were carried out As it is seen from the
Fig 2 7 phase length of 50-MeV beam at the output of the first part does not exceed 20° i e it is possible to think that acceleration by three times higher frequency under equilibrium phase -30 has foundation As it will be shown later transverse matching of the beam also does not create any difficulties

D 4 1 2 3 3 Mam part of the accelerator
Mam part of the accelerator consists of a sequence of nine-cell resonators Length of a cell is
(3A72 Resonators operate with three times higher frequency
Matching of the beam under passage from the first part into the mam is simpler as the lengths of
the periods of focusing in both parts less differ In this case period of the first part is 10 0A. and in the
main - 30 (3X i e in optimal case the period contains 60 cells The period of FODO containing 4 ninecell resonators is of approximately similar to the finite number of focusing in the first part That is the
reason why it is expedient to choose the structure of the FODO period with lenses placed between the
resonators (pairs)
The characteristics of the main part of the accelerator obtained as result of calculation of particle
dynamics are presented in the Table II We notice that acceptance far exceeds beam ermttance at the
input of this accelerator part
Press iS For- Switch
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FIG. 2.4. Beam phase trajectories in RFQ section.

FIG. 2.5. Beam radial trajectories in RFQ section.

W-Ws(MeV)

.57

::::::::::::::j::::::jfl00

Fi-Fs

FIG. 2.6. Accelerating channel acceptance of the first accelerator part.

D.4.1.2.4. Superconducting accelerating structure
DA.1.2.4.1. Initial pan of the accelerator. Superconducting H - resonator

A four-chamber H - resonator with space-uniform focusing (RFQ) will be used in the initial part
of the accelerator (0.06 MeV - 3 MeV). Operating mode is H 2 n. Oscillation of H type creates quadrupole focusing field and modulation of the tops of the electrodes introduces local variation adequate
to appearance of longitudinal accelerating field.

As a design the four-chamber H - resonator is a cylinder loaded with V - shaped plane plates
(electrodes) symmetrically fixed to the cylindrical wall. The tops of the plates are modulated along
their length. The plates have their edges at some distance from the bottom walls of the cylinder. The
four-chamber H - resonator is relatively simple for fabrication, mechanical adjusting and cooling.
Utilisation of the resonator in the pointed limits of energies for "room" accelerators became traditional.
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FIG. 2.7 Beam transverse characteristics at the output of RFC section*

Now, in a number of scientific centers abroad investigations on creation of superconducing resonators with RFQ are being carried. Argonne National Laboratory develops H - resonator for acceleration of heavy ions (operating frequency 194 MHz, initial velocity 0.02 [9]. Los-Alamos National
Laboratory develops a four-chamber H - resonator for protons acceleration (frequency 425 MHz) [10].

Theoretically obtained length of the H - resonator of our project is 3.25 m. This is the reason why
the resonator will be fabricated as several short sections connected through Indium sealing. Diameter
of the resonator equal 0.156 m was calculated with the aid of the code ISFEL3D for calculation of
electromagnetic fields and of parameters of SHF devices of arbitrary shape of ideally conducting surface [11]. The electrodes will be fabricated as plane plates. Losses per unit length equal approximately 15 W/m were calculated by expressions [12]. The main parameters of the resonator with RFQ
are presented in the Table III.
Technology of fabricating Niobium resonators is well experienced in several accelerator centers
of the world.

ITEP obtained good results on development of technology of superconducting resonators on the
base of Niobium covering by the method of magnetron spraying to copper surface without welding
joints. These results give possibility to expect relatively quick development of Russian technological
base. A method of fabrication of copper matrixes without welding joints of practically any shape and
dimensions for resonators from 0.55 GHz to 14 GHz with the aid of halvanoplastics [13; 14] is developed in the institute. H - resonator will be fabricated by this technique.
Input of power into the resonator will be provided with the aid of a coupling loop from the side of
cylindrical wall.
Design developed in Argonne National Laboratory will be taken as a prototype of design of the
external shell of the resonator. Niobium resonator in this design (or of copper with sprayed to operating surface Niobium) has a shell of stainless steel. Liquid Helium will circulate in the gap between the
resonator and the shell (Fig.2.8).
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Liquid Helium

T3IE

Vacuum
Hole for Coupling Loop

FIG, 2.8. Superconducting resonator with RFQ

DA.1.2.4.2. The fir si pan of the accelerator. Superconducting four-gap resonators with drift tubes

Superconducting four-gap resonators with drift tubes without lenses will be used for acceleration
of protons from energy 3 MeV to energy 50 MeV.

Theoretical value of the quality factor of resonator with Niobium cover under temperature 2K
will be approximately (2 - 3) 109. Acceleration rate at the length of resonators rises from 2 MeV/m to
4 MeV/m.

The main parameters of the first and the last resonators are presented in the Table II.
The resonators with drift tubes will be fabricated with the pointed IHEP technology. Drift tubes
and bars will be empty inside for circulation of liquid Helium. Preliminary adjusting will be accomplished due to mechanical deformation of the resonator from the sides of the bottoms, exact tuning by a piezoelectric tuner.
Input of power will be accomplished with the aid of a coupling loop from the side of cylindrical
wall in the middle of the resonator. The loop will not enter into the resonator.

D.4.1.2.4.3. The second (main) part of the accelerator. Superconducting nine-cell resonators
Accelerating structure consisting of axially symmetrical coupled with each other through aperture
holes resonators with elliptic boundaries proposed in Cornell university, USA, 1982 will be used in
the main part of the accelerator for acceleration of protons from energy 50 MeV. The design of the
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structure is the most suitable from the point of view of simplicity of fabrication and possibility to
obtain the highest possible accelerating field. TC - mode wave is the operating wave of the structure.
The period of the structure is consequently pXopet/2, where P is relative velocity of particles, A^ operating wavelength which is equal 23.53 cm.
This structure is used in several electron accelerators abroad [12]."These are - accelerator CEBAF
(USA), accelerating complex LEP (CERN), laboratory SACLAY (France), accelerating complex on
Darmstadt (Germany), accelerator LISA (Italy). Large experience on development and creation of the
structure is accumulated.
A nine-cell resonator is chosen for the main part of the supposed accelerator. Total number of
resonators is 304. Accelerating-focusing modules of the main part consists of two resonators and of
one quadrupole with permanent magnets. Design of such modules is presented in the Fig.2.2.2. Input
of HF power is accomplished outside of the cells of the resonator through a travel tube.
On the base of the data obtained from calculations of particles dynamics (diameter of the aperture hole, longitudinal dimensions, amplitude of accelerating wave) with the aid of the codes AZIMUTH [15], ISFEL3D [11] and of service (auxiliary) codes allowing to simplify description of the
starting data for these codes geometrical dimensions and parameters of two resonators - of the first to
energy 50 MeV and of the last for energy 1000 MeV were defined. Intervals of drift tubes with the
length 50 mm at the beginning and at the end of the resonators necessary under large aperture hole to
suppress irradiation of waves were taken into account in calculations. Final (exact) calculation of
geometry of every of the resonators and their parameters will require sequential correlation with calculations of beam dynamics (taking into account the real fields) and also to take into account variation
of frequency under cooling of resonators and under vacuum pumping.
The cells of the first and of the last resonators of the main part of the accelerator are shown in
the Figs.2.9. The parameters of these resonators are presented in the Table in.

FIG. 2.9 Sketch of the cell of the .last resonator of the main part of the accelerator.
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D.4.1.2.4.4. Focusing quadrupoles with permanent magnets

Focusing of protons in the linear accelerator is implemented by permanent magnet quadrupoles
(except the initial part where RFQ is used). There are 28 quadrupoles in the first part and 152 - in the
second. The structure of focusing period in the both parts - FODO. Quadrupoles of the second part
should have gradient of magnetic field 1-2 kGs/cm under diameter of the aperture 30 - 40 mm. The
length of a quadrupole lens is 10-20
cm.
TABLE ffl. PARAMETERS OF THE FIRST AND OF THE LAST RESONATORS OF THE MAIN
PART OF THE ACCELERATOR.
50

1000

3
Period of accelerating structure H, mm
Diameter of the aperture, 2a, mm

0.325
38.4

0.87
102.
77.4

Radius of rounding if the iris, Ri, mm

3

Radius of rounding of the cell, Rrc,

6

Energy, MeV

mm

77.4

6
37

Radius of cell, RC, mm
Angle of wall slope, a, grad

119.7

Length of nine cells of the resonator, cm

36.4

92.6

Coupling coefficient Kcol. %
Losses in Helium, W/m
Losses in BKSh, W/m
Anomal losses, W/m

8.87

3.52

17.5
0.4

11.8
0.4

8.4

2.7

Statistic losses, W/m

8.7

8.7

Losses in Helium in resonators, W

6.1

10.9

8

107.
15

Necessity to make short interresonator gaps providing optimal beam dynamics and a wish to simplify the cryostats lead to relatively longer cryostats - not less than 5-10
meters. Magnetic quadrupoles turn out to be put into liquid Helium.

Alloy Samarium-Cobalt is supposed to be used as magnetic material. It possesses high volume
density of magnetic energy (BH)^
, comparatively high temperature stability and strictly fixed position of magnetization vectors. This alloy may operate under Helium temperature [16].
The gradient of the field may be calculated for a sector lens (8 sectors in a lens) by the following
expression

G = [2 Sin(3p/8)/(3p/8)] M(l/ro - 1/r)
Here G is gradient of the field in kGs/cm, M - magnetization in kGs, TO, r internal and external
radii of a lens in cm.
For the alloy "Samarium-Cobalt" M = 10 kGs. In order to obtain G = 2 kGs/cm under ro = 2 cm
the external radius of the lens should be equal 2.8 cm.
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D.4.1.2.5. High frequency system and system of automatic control
D.4.1.2.5.1. Peculiarities of the system

Principal scheme of the linear accelerator (Fig.2.1) contains a system of high frequency feeding
of the initial and first parts with operating frequency 425 MHz and a system of feeding the resonators
of the main part with operating frequency 1275 MHz. Synchronous excitation of these systems is realized from a powerful master device through excitation lines and of reference phase LB-1 and LB-2.
Master device contains a modules of stabilization of the phases of HF oscillations inter outputs of 425
and 1275 MHz.
Taking into account necessity to provide high reliability of operation of the linear accelerator and
accepting into consideration Russian and world experience of development of similar by parameters
HF systems it was supposed to use amplifying klystrons in the output cascades of HF channels. Suitable by (he parameters klystrons of continuous way of operation are produced by different Russian
and foreign firms [17].
Creation of a multichannel HF system for superconducting linear accelerator with proton current
10-30 mA is linked with solution of a number of specific technical tasks arising in particular due to
high loading of the superconducting resonators by beam current and due to high quality factor of these
resonators. So there are some additional requirements to the channels of HF system:
- possibility of smooth controlling of HF power;
- stable operation of HF channel under conditions of significant variations of load;
- high electric stability of feeding system;
- provision of stability of HF field in resonators at levels of accuracy approximately 1% of amplitude and 1 degree by phases under significant variation of load and output power of HF generator;
- quick shut up of HF power in case of loss of accelerated proton beam.
Meeting to these requirements is simplified due to utilization of continuous way of operation of
the linear accelerator and under utilization of decoupling devices between the klystrons and resonators
providing mode of operation of klystrons to matched load. Calculations showed that reverse attenuation should be not less 15-20 db. Circulators produced in Russia meet these requirements. These
devices will also stabilize frequency characteristics of the system "HF generator - feeding line - resonator" that will simplify operation of the systems of amplitudes and phases stabilization and of automatic tuning of the resonators.
Coupling of feeding lines and the resonators is usually taken in the HF systems of linear accelerators with strong load by the beam on condition of matching of the feeding lines under acceleration of nominal value of beam current. In dependence of used system of automatic tuning of resonant
frequency of resonators the following two versions of operation are possible:
- resonator is tuned exactly in resonance with exciting frequency;
- resonator is detuned to such extent that its input impedance together with beam loading is purely
active.
Comparison of these versions allows to make the following conclusions:
1. In both versions under acceleration of the beam power of HF generator must be increased by
the factor of four times in comparison with zero value of beam current. In these conditions in the first
version HF generator must generate higher power than in the second version by the value of HF power
reflected by resonator.
2. Under utilization of the second version of tuning in dependence of the value of the beam current it is necessary to rerune the resonator.
3. Under decreasing of synchronous phase difference of these modes of operation decreases.
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Any mode of operation may be realised in a HF system. If to choose the average length of resonator of the main part of the linear accelerator equal 0.6 m (see Table H) and acceleration rate 5
MeV/m then HF power necessary for acceleration of beam 10 and 30 mA will be correspondingly 30
and 90 kW. Routine power of generator in a channel of HF system of such resonator must be 40 kW
for current 10 mA and 120 kW for current 30 mA. Limits of variation of output power of HF generator in the process of tuning of the accelerator to acceleration of normal current should be provided by
controlling systems in the ranges 10 - 40 kW and 30 - 120 kW correspondingly.
Construction of systems of automatic control of amplitude (ACA), of phase (ACP) and tuning of
resonators (ACF) are of traditional type and they are described in [18, 19]. Principles of construction
are described briefly in the next section.
D.4.1.2.5.2. HF system and system of automatic controlling

The system of HF feeding and the system of automatic control may be designed on classical principles adopted for high current linear accelerators where every accelerating resonator is excited by a
separate HF channel with system of ACA, ACP and ACF. But in order to rise reliability of HF system
and of automation systems and to lower the costs it is desirable to decrease number of HF channels
due to excitation of a group of resonators by one HF generator. At the facility LEP-2 [20], for example, one HF channel of amplification operating with frequency 352 MHz and of 1300 kW output
power excites 16 resonators.
The main part of the accelerator consists of 304 resonators operating with frequency 1274 MHz.
In a group of four sequentially placed resonators these resonators consume approximately equal HF
powers (even without optimization this difference does not exceed 1%). That is the reason why it is
possible to excite such groups by one generator (Fig.2.10). System of distribution of HF power to the
resonators is constructed with the aid of bridge-type devices [21] proposed for decoupling of two
loads and division of HF power to equal parts, Split-type of double T-shape bridges may be used as
prototypes of such devices. Amplifying klystrons with output power approximately 500 kW for acceleration of 30 mA beam and 150 - 200 kW under beam current 10 mA will be needed for excitation of
a group of four resonators.
Systems of ACA and of ACP are constructed by traditional for linear accelerators schemes [19].
Control signals are extracted from each resonator as it is shown in the Fig.2.10. Systems of ACF are
applied to each resonator. Adjusting of phases of HF fields in resonators is carried out with the aid of
phase-controllers 6 placed at the outputs of the bridges M2 and M-,. Adjusting of phases is accomplished with the aid of phase-controllers 6 at the inputs of amplification channels and in the line of
reference phase cpref •
HF system of initial part and of the first part of the accelerator provides excitation of one resonator of
RFQ type and 28 short resonators with drift tubes. RFQ resonator requires approximately 90 kW of
HF power for acceleration of current 30 mA and 30 kW for acceleration of 10 mA. Resonators with
drift tubes require 45 - 108 kW and 15-36 kW for acceleration of 30 and 10 mA correspondingly. HF
power rises with rising of the number of resonators. Due to the fact that under constant along the
whole length of the accelerator rate of acceleration and different levels of power in separate resonators here a "classical" scheme with individual excitation of every resonator by a separate klystron
generator might turn to be expedient. In this case a circulator should be installed in the feeding line
between the klystron and resonator. The resonators with corresponding HF channels are covered with
systems of stabilization of amplitudes, phases and resonant frequencies. Klystrons of equal power 130 kW -are supposed to be used for unification of the devices for acceleration of beams to 30 mA.
For current 10 mA the required HF power is three times less. Under corresponding optimization of the
accelerating channel the version of excitation of two or four resonators of the first part of the linear
accelerator becomes possible (see Fig.2.5.1).
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D.4.2.6. Characteristics of the alternative technical decisions
The intensive supercounducting linear accelerator is technically feasible and should ensure extreme high performance on economic and power efficiency. The reason on realization proposal is
possible to support, having specified on opportunity of reception of enough high parameters by use of
new ideas in traditional techniques of warm resonators.

ft
JIB

«

t

FIG.2.10 Scheme of excitation of 4 resonators by one channel of amplification with system for controlling the parameters of HF field. P1...P4 are accelerating resonators; Ml, M2, M3 bridges for
distribution of HF power; Rbl, Rb2, /?« - balasting loads; a - circulator; Y - amplifier of HF power;
EA - line of reference phase excitation; B-APA - a set for processing of the error signal in the system
ACA; P APA - executing mechanism ofACA system; B-AP 0 - a set for processing of the error signal
in the system ACP; P AP& - exacuting mechanism of ACP system; Jl - a probe ofACF system; P
AP V - executing mechanism ofACF system; T - phasecontroller.

So, as spare variant to use of superconductivity at higher temperature it is useful to consider also
pulsing mode of operations of warm resonators, when the high meaning efficiency of acceleration of
large beam currents is transformed to area of smaller currents and is supported high irrespective of
value of an average current of a beam, which is defined by frequency of pulse repetition rate [22].
Calculations show, that the efficiency of resonators in pulsing mode can come near to 90 % in whole
range of average currents 10-30 mA of the offered accelerator, that will ensure general efficiency
(from ac network to beam) about 50 %.
Pulsing mode is rather effective, if a current in pulse in 2 and more time exceeds necessary average meaning, and duration of pulses more than 500 ms. The natural pauses between pulses of a beam
current thus can be used in this case for switch on and off deflecting of the output beam at it distribu330

tion on several directions, that would be economically expedient in case to work of a target on lowered power or functioning of several targets.
Restriction of relative losses of particles by value smaller, than 10'5 is determined by necessity of
a level of induced radioactivity reduction with the purpose of reception of access to accelerator
through small time after switch off the beam and maintenance of radiating cleanness of linac units in
case of their dismantle. The reduction stipulated in the present proposal of radiating fields (at the excess value of the channel acceptance and reduction of losses of particles) can be considerably
strengthened, if to provide accommodation along accelerating channel of graphite proton absorbers
[23], dropping out from mode of resonant acceleration. Thus on 1-2 order (up to 10"4) the requirements to limit of allowable losses are reduced, that is a reached a stage on working linear accelerators
[24]. Thus, one of main problems of acceleration of intensive beams - problem of reduction of radiation up to acceptable level in the linac can be confidently resolved.
Reliability of rather expensive installation, which is the high-current the accelerator, requires of
the special attention. In heaviest degree it depends on reliability of RF system.
Calculations show, that supplying of 1-5 cells from individual RF of channels of rather small
power (as it is already done on SC resonators of heavy ions post - accelerators) and having increased
total number of cells (or intensity of a field in their gaps) only on 1-2 %, it is possible to ensure trouble-free RF excitation of cells necessary for nominal acceleration [26]. In case of the RF channel failure all elements of the given section, including cells of section, pass in category of switched off, and
compensating influence on a beam is provided at the expense of automatic increase of RF field intensity and updating of its phase in operating sections. The failed channel after repair comes back in
work, and the intensity of the field in all sections is automatically lowered.
The additional rather valuable quality of the recommended circuit is that the failure of a section
(or some their amount) does not cause a stop of the accelerator and does not require immediate replacement or repair (if, certainly, it is not connected with loss of high vacuum or occurrence of a mechanical obstacle to flight of beam bunches). Failure of a section is compensated by work of staying
in operating conditions, and the elimination of malfunction can be postponed on long time before
scheduled preventive maintenance.
ITEP has a unique opportunity prior to the beginning creation of electronuclear installation to
check up experimentally number of principally important questions on prototype of full - scale electronuclear installation - the subcritical neutron generator [27], which is constructed on the basis of the
proton linear accelerator ISTRA-36 and equipment of shut-down heavy-water reactor HWR. The general scheme of the generator is shown on Fig. 9.1 and section D.4.1.9. Now this installation consists
of the accelerator - driver and subcritical blanket is the most advanced ones. The generator will serve
range for study and improvement:

- Principles of a beam dosage of the accelerator - driver,
- Formation of optimum distribution of density of a proton flux on target,
- Safe for resonators and RF system of the accelerator at beam manipulations,
- Uninterrupting beam diagnostics ,
- Reliable way of measurement of proton flux on target.

D.4.1.3. Pb-Bi TARGET AND PARTITIONED SUBCRITICAL BLANKET

Subcritical blanket with fast and thermal zones (Fig.3.1) consists of the following components:- proton beam transport duct;
- fast spectrum blanket zone;
- thermal spectrum blanket zone;
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- coolant and moderator circulation loops;
The fast spectrum blanket zone is a separate cylindrical vessel which encloses:
- vertical section of a proton beam transport duct ending with a window which separates a vacuum plenum of the accelerator from the internal space of the vessel with Pb-Bi coolant.
- a vessel separating coolant flows in downcomer and riser sections;
- a zone with fuel assemblies;
Steam generators providing heat removal from liquid metal coolant and generation of steam with
specified parameters are arranged at the top part of the vessel at a boundary between the riser and
downcomer sections.
The separating vessel above the zone with fuel assembles consists of two concentric shells with
a vacuum plenum between, which provides thermal insulation between the downcomer and riser sections of coolant flow path to eliminate heat losses.
Natural circulation of liquid-metal coolant is provided in the vessel.
The fast spectrum blanket zone is installed into a cylindrical central plenum of the thermal spectrum blanket zone and is supported by a removable cover of the thermal zone.
The fast zone of the blanket (Fig. 3.1) comprises 18 fuel assemblies (Fig.3.2), each consisting of
311 fuel pins with nuclear fuel made of oxide weapon-grade Plutonium and Thorium (Fig.3.3).
Eutectic alloy 45% Pb + 55% Bi has been selected as a coolant. It serves also as a neutron-absorbing
target located in a center of the fast-spectrum zone. Proton beam reaches the central plenum with the
eutectic alloy via an ion-transport duct which ends by a spherical window made of Titanium.
A steam generator installed in the upper part of the fast-spectrum blanket 'zone vessel is intended for heat removal from liquid-metal coolant. It represents a straight-tube heat exchanger comprising 4180 tubes of 16x2.5 mm diameter and 8m length. Pb-Bi coolant flows downwards in an intertube space by natural convection, while secondary coolant (water) circulates upwards inside the tubes.
The tubes are united in separate sections which can be isolated in a water side, if necessary. Further,
after design optimization of the breeding zone and SG's elements a possibility may appears to reduce
both sizes of the components and length of a section between them.
The thermal-spectrum blanket (Fig.3.4) zone is arranged around the fast-spectrum one and
consists of a vessel made from two cylindrical shells one of which is installed inside another. The
shells are connected in their lower part by a welded semitorous bottom, while in its upper part they
are connected by a removable cover made as a flat ring-shaped plate with orifices through which
technological channels (Fig.3.5) containing the fuel assemblies, as well as instrumentation and control
channels (if necessary) are penetrated.
The channels upper end fittings are attached hermetically to the removable cover of the blanket's
vessel.
A plenum of the vessel between the cylindrical shells is filled with heavy water moderator. A
special circuit with feed and discharge portions of pipelines, a heat exchanger, pumps and isolation
valves is provided for cooling the moderator.
The technological channels (Fig. 3.2 ) installed in the heavy water thermal blanket zone are provided with their own high-temperature cooling circuit with DiO coolant. For this aim the channels are
made as Field-type tubes (tube-in-tube structure). Coolant flows downward through an annular gap
between the tubes, then it moves upward along the inner tube cooling a column of fuel assemblies
arranged in it. To organize coolant circulation through the channels they are provided with individual
feed and discharge tubes connected to in the region above the blanket vessel removable cover
(Fig.3.6). Beyond the blanket these tubes are united in collectors. Control valves are installed in the
tubes to provide flowrate shaping through the channels.
Taking into account a substantial difference of temperatures between moderator in interchannel
space and coolant in the channels they are mutually insulated with the aid of a gas layer formed by a
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plenum between a channel's pressure tube and a guard jacket around it. Leak-tightness of the technological channels may be monitored by moisture and pressure control in this plenum.
The core of thermal blanket (Fig.3.2 ) comprises 684 fuel assemblies of a Field-tube type, arranged in a triangular lattice with 280 mm pitch and surrounded by inner and outer heavy water reflectors. Each of the assemblies includes 36 fuel rods made of anixed oxides of weapon-grade Plutonium and Thorium (Fig.3.6). Up to 36 control rods can be arranged in the thermal-spectrum blanket, if
necessary.
The choice of liquid-metal coolant. Lead - bismuth alloy (in 45:55 by weight) taken as liquidmetal coolant for the fast-spectrum blanket zone is eutectic with melting temperature appr.!25°C.
Low melting temperature of the alloy is main advantage of this coolant type in comparison with pure
lead (melting temperature of ~327°C).
Lower melting temperature of the coolant allows maintenance operations for replacement of invessel equipment during planned outage with a higher safety and lower consumption of energy to
maintain coolant in melted state. At present, technology for this alloy handling has been developed,
which takes into account many-years experience in practical utilization of Pb-Bi coolant. Application
of special additives together with protective coatings on structural materials enables to minimize
negative effect of such processes as erosion, corrosion and mass transfer.
Furthermore, application of Pb-Bi alloy as coolant and a target material simultaneously provides
the same level of primary neutrons bom in spallation reactions as for lead target. The advantage of
mother lead in lower induced activity under neutron irradiation at spallation reaction disappears since
the main contribution to long lived activity (T]/2>100-days) for both target materials is caused not by
Po-210, but by various isotopes of Bi, Te, Hg and Au accumulated due to (p, xn) and (n, xn) reactions
in high-energy part of proton and neutron spectra .
TABLE IV. THE MAIN PARAMETERS OF SUBCRITICAL BLANKET WITH FAST-THERMAL
ZONES.
Parameters

Gross thermal power
Main vessel
height
outer diameter
Coolant target spallation material
moderator

Coolant mass
Pumping method
Coolant flow in core
Coolant pressure
Height of convection column
Spallation target power
Coolant flow in target
Full coolant flow in exchanger -

Units

Fast
zone

Thermal
zone

MW

300

2000

m
m

27
2
molten
lead and
Pb-Bi
400
natural
convection
7560

9
9
heavy
water

t

kg/s
MPa
m
MW
kg/s

circulation

pumps
13890
110

25
10
502
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TABLE IV (Cont.)
steam generator
Water flow in steam generator
Height of steam generator
Fuel core: number of fuel assemblies
number of fuel pins
number of control rods
Max. coolant speed in fuel assembly
Height of active core
Radial power flattening factor
Axial power flattening factor
Maximum fuel pin power
Maximum fuel power density
Maximum fuel temperature
Clad temperature
Maximum outlet coolant temperature
Volume water in coolant loop
Surface of stainless steel
Volume of moderator in tank
Total volume of moderator
Temperature of moderator
Pressure in moderator loop
Surface of stainless steel
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kg/s
kg/s
m

8062
1376
8
18
331

m/s

1,48

m

1,5
1,4

kW
kW/m3
°C
°C
°C
m3
m2
m3
m3
k
MPa
m2

1,6
112,9
1,42.10*
1609
760
628

684
36
24
7,4
6,0
2,2
178
4,6.10s
494
336
310
45,9
3000
80
160
340
0,1
350
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Fig. 3.1 Layout of the subcritical blanket with fast and thermal zones.
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Fig. 3.2 The fuel assembly of the fast zone
335

232 urn
22Gim
1,25 inn

Coolant

12,43 m
8.2nni

rirriiit

Coolan
w

Gas loop
(N2 , He)

w

w

w

w

w

w

w

n n n n n o r) n n^n
ogogogogogogogogogogo
o n^nununuououn ou
ogogogogogogogogogo
o o o o o o o o o o

o o o o o o o o o o

Fuel pin

Removable
plate
Fig. 3.3 The fuel asembly of the
fast spectrum sone

Gas caviti

Fig.3.4 Layout of the thermal spectrum blanket

336

Coolant
outlet

Fig.

Coolant
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Outlet
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Inlet
collector

3.5 Thermal spectrum blanket - a part of the vessel containing fuel assemblies

0 9.1 mm

Outside
tube
Fig. 3.6 Pressurize tube containing fuel rods.
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D.4.1.4. INTERACTION OF PROTONS AND IONGUIDES AND ACCUMULATION OF LONGLIVED ACTIVITY IN IRRADIATED TARGETS.
Energy release and attenuation of beam in the window

Main power production in thin windows fabricated of stainless steel or titanium of 2 -5 mm of
thickness is due to ionization losses of the beam. Using well known tables of ionization losses [28]

we can obtain the values of power production in the window (Tab. V):
TABLE V. POWER GENERATION IN THE WINDOW
Beam
Titanium
Stainless steel
Power
dE/dx,
Power
dE/dx,
E,MeV
production
Current, mA
MeV/m
production
MeV/mm
m
kW/mm
kW/mm
800
23.10
30
1.34
0.77
40.20
1600
60
41.40
1.20
72.00
0.69
Losses of intensity of the beam due to nuclear collisions are defined by cross-sections of
inelastic interactions which are well known for 800 MeV protons with rather high accuracy: 775 mb
for steel (iron) and 695 mb for titanium [29]. Attenuation of beam intensity per one centimetre of
target 6.5% for steel and 3.9% for titanium corresponds to these sections. Transfer energy of nuclei
and of light charged particles leads to 10 -12% rise of full power production relative to ionization
power production. Carried out analysis shows that replacing of stainless steel by titanium decreases
power production in the window approximately by a factor of 1.7 under the same thickness of the
window.
Radiation damages of the target window
Experimental data on radiation stability of the target window under passage through it of high
energy protons are compiled and discussed in [30]. On the base of these data conclusion is made that
replacing of a window in the project of the transmutation installation will be necessary only in a half
of a year (if it will necessary at all).
The results of estimations on the base of the codes NMTC/JAERY, LAHET and HTAPE and
also of [31-34] contradict each other and this makes it necessary to continue the works on comparison
of approaches and programs and also to carry on experiments at proton accelerators.
Analysis of long-lived activity of targets

Analysis of accumulation of radioactive nuclei in the target showed [30,35,36] that long-lived
activity normalised to similar conditions of irradiation may differ by several orders of the values.
Estimations of activity of dominating isotope 2l°Po (T1/2 = 138 days) given in [36] for lead-bismuth
target are more than 103 times higher than estimations of other authors. It is obvious that so serious
discrepancies in the estimations are defined by discrepancies in the used values of sections of
corresponding channels of accumulation of the isotopes. It was found that the discrepancy is defined
by the fact that the section (n,y) for reaction Bi was taken approximately 10" times higher. This is
the reason why it is very important to use only reliably tested libraries of activation data in
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calculations of induced activities from one hand and to find out the reasons of contradictions of
calculations of accumulation of radioactive nuclei in the targets from the other hand.

Calculations for a lead and a lead-bismuth targets irradiated by a 800 MeV 30 mA proton beam
for one year are presented in the Figures 4.1 and 4.2 and also in the Tables VI and VEL
Total and partial activities (Ci/kg) in Lead target (Tab.4.1) and Lead-Bismuth (Tab.4.2) for
primary proton beam energy 800 MeV and Current 30 mA after a year of irradiation for different
cooling times
TABLE VI. ACTIVITY OF THE LEAD TARGET AFTER ONE YEAR IRRADIATION
Cooling time
Total activity
Po-210
Bi-207
Pb-202
Tl-204
Hg-194
Au-194
Pt-193

180 days
2

1.0 10
6.0 10^
1.7 10'1
5.4 10'3
1.9 10'
1.3 10°
1.3 10"'
1.3

2 years

2.7 10'
3.9 10'5
1.6 10-'
5.4 10'3
1.5 10'
1.3 ID'1
1.3 10''
1.3

20 years
2.0
2.8 10'7
1.2 10''
5.4 lO'3
5.9 10-'
1.3 10'1
1.3 10°
9.9 10'1

100 years

6.0
2.3
2.7
5.3

10'1
lO'8
10'2
10'3
-

1.1 10'1
1.1 10'1
3.3 10-'

TABLE VH. ACTIVITY OF THE LEAD/BISMUTH TARGET AFTER ONE YEAR
IRRADIATION

Cooling time
Total activity

Po-210
Po-208
Bi-207
Tl-204
Hg-203
Hg-194
Au-195
Pt-193

180 days
1.1 102
1.1 10'
1.6
1.6 10'
9.2
2.2 10'1
1.1 10'1
4.8 10'
1.1

2 years
3.4 10'
7.1 10"'
1.1
1.5 10'
7.0
6.2 10'5
1.0 lO'1
6.2
1.1

20 years
1.2 10'
9.3 10'6
1.5 10'2
1.1 10'
2.8 10'1
1.0 10°
1.0 10'1
8.4 10''

100 years
3.0
7.8 10'7
7.6 10-"
2.7
1.8 10'7
9.3 10'2
2.8 10'1
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ACTIVITY OF TARGET
10*1

Pb target (50x100)
Proton energy 0.8 GeV
I = 30 mA
One year irradiation

10 - 10 -3 10 ~2 10

1

10

102 10 ' 10 * 105 10 ' 107 10 ' 10 ' 10

TIME OF COOLING (DAY)

FIG. 4.1 . Total and partial activities of Lead target as a Junction of cooling time.

ACTIVITY OF TARGET
Pb-Bi target (50x100)
Proton energy 0.8 GeV
I = 30 mA
One year irradiation

10 " 10

10

10
10 2 10 ' 10 * 10s 10 • 10 7 10 '
TIME OF COOLING (DAY)

FIG. 4.2. The same as in Fig.4.1 for Lead-Bismuth target
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10 * 10

D.4.1.5. PHYSICAL PROPERTIES OF SUBCRTTICAL SYSTEM WITH FAST -THERMAL

ONE-DIRECTION COUPLED BLANKET ZONE.
D.4.1.5.1. General description
General concept of ABC system with two blanket regions - inner fast spectrum blanket (Fblanket) and outer - thermal spectrum blanket (T-blanket) is presented (tables 5.1.1, 5.1.2, 5.1.3).
Liquid Pb-Bi with natural convection pumping is used as target material and coolant in F-blanket.
Outer T-blanket is a vessel with heavy water moderator and CANDU-type pressure tubes. Fuel pins
are made of mixed W-Pu -Th oxides clad in stainless steel for F-blanket and Zirconium alloy for Tblanket. Stainless steel wall of F-blanket and inner wall of T-blanket present a fast neutron reflector
for F-blanket and a structural component (together with an inner heavy water reflector) providing
one-direction neutron coupling. Due to the latter property total system can operate at low level of
sub-criticality (multiplication factor K 0.99) resulting in a low proton beam current (10 mA for
protons with energy 1 GeV) at safety conditions corresponding to much higher sub-criticality of the
main - thermal part of blanket (K 0.95). Due to increased non-uniformity of radial power distribution
in T-blanket compared to CANDU reactor, mean power output from fuel assemblies is twice lower
and their number is two times higher than in CANDU reactor.
TABLE VII. MAIN PARAMETERS OF ABC F-T INSTALLATION
__________________________F-blanket____T-blanket_______________
Gross Thermal Power/unit
300 MW
2000MW
Primary Electric Power
120 MW
580 MW
Type of plant
Pool
Pressure tubes in heavy water vessel
Coolant
Liquid Pb-Bi
Heavy water
Multiplication factor K of total system
0.99
Reactivity control and protection system_____Control rods+Tc- 99 dissolved in heavy water

TABLE Vm. FAST SPECTRUM BLANKET ZONE (F-BLANKET)
Height of fuel
Inner/Outer diameter
Coolant

3.0m
0.246 /1.071 m
liquid Pb-Bi

Fuel assemblies
Number of units
18 (36)
Configuration
hexagonal
Number of hexagonal rounds
2 (3)
Number of pins/unit
331
Flat to Flat
0.234 m
pitch between pins
1.243 cm
Volume of fuel per 1cm of length
174.8 cm**3
Total volume of fuel
471965 cm**3
Density of mixed oxides
10 g/cm**3
Downward section for liquid Pb-Bi coolant the wall
1.247 m / 4 cm
of F-blanket vessel, inner/thickness diameter___________________
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TABLE EX. THERMAL SPECTRUM BLANKET ZONE(T-BLANKET)_______
Heavy water vessel
inner diameter
132.7 cm
thickness of inner wall
4 cm
Inner heavy water reflector - thickness
44.4 cm
Heavy water core - inner/ outer diameter
2.295 / 8.025 m
height
6m
Heavy water reflector - thickness
0.5 m
Number of fuel assemblies
684
Lattice (hexagonal) pitch
0.28 m
Fuel assembly

Tube, (Zr - 2.5%) Nb , inner diameter / thickness
(Downward section for cold coolant)
Pressure tube
- inner diameter / thickness
Gap
Calandria tube(Zr- 2% Nb), inner diameter
thickness
pellet diameter
mean density (effective)
clad, outer diameter
Number of fuel pins
element to element spacing
element to pressure tube spacing
diameters of centres
Volume of fuel per 1 cm of length
Total volume of fuel

10.0 / 0.15 cm
13.4/0.45 cm
0.2 cm
14.7 cm
0.2 cm
1.2154 cm
7.9 g/cm**3
1.308 cm
36
0.155cm
0.102cm
2.977,5.751,8.661
41.808 cm**3
17.16m**3

D.4.1.5.2. The results of fuel cycles simulation

Calculations have been performed by modification of computer code TRIFON [37] for the case
of sub-critical systems with external sources and zero flux boundary conditions. An option for
support of a constant level of sub-criticality (and consequently constant total power ) by continual
removal of reactivity control element was used. For this purpose wTc was supposed to be dissolved in
heavy water moderator of T-blanket. The amount of "Tc is limited by the value 9.5 g/1 in heavy
water moderator, as it is estimated below ( these values provide negative or zero reactivity effect
caused by moderator density decrease). Burn-able poisons (supposed to be added into outer row of
fuel pins in T-blanket) - Gd and Am isotopes (simultaneously transmuted ) - may be used for
decrease of "Tc concentration.
Several cases were considered:
1. 99Tc as control reactivity element, F-blanket power 300 MW (18 fuel assemblies);
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2.

w

Tc as control reactivity element, F-blanket power 600 MW (36 fuel assemblies);

99

3. Tc as control reactivity element , F-blanket power 300 MW. U-Th fuel cycle in thermal
blanket;

4. 2nd cycle with Pu , Am and Cm nuclides from T-blanket after 1st cycle re-loaded into
F-blanket, T-blanket composition the came as in Case 1.
DA.1.5.2.1. Burn-up calculations in a cell of T-blanket.

The model of multi-layer cylindrical cell was used with fuel pin material and clad material
smeared separately inside concentric cylindrical regions in correspondence with 3 fuel pin rows
(Tables X and XI).
Typical neutron balance and mean concentrations of nuclides in the cell for beginning of a cycle
are presented in Table XII.
TABLE X. COMPOSITION OF CELL IN T-BLANKET - DIMENSIONS AND TYPES OF
REGIONS.
Zone
thick., cm
Rmin, cm
Rmax, cm
Volume, cm3 *
Type
1
.50
.00
.50
7.854E-01
void
2
.15
.50
.65
5.583E-01
clad
3
.40
coolant
.65
1.06
2.169E+00
4
.06
1.06
1.12
4.020E-01
clad
.74
5
1.12
1.86
6.961E+00
fuel
6
.06
1.86
1.92
clad
6.99 IE-01
7
.51
1.92
coolant
2.43
6.964E+00
8
.06
2.43
clad
2.49
9.419E-01
9
.77
2.49
fuel
3.26
1.392E+01
10
.06
3.26
3.32
1.260E+00
clad
11
.56
3.32
coolant
3.89
1.278E+01
12
.06
3.89
clad
3.95
1.497E+00
13
.77
3.95
4.71
2.088E+01
fuel
14
.06
4.71
clad
4.78
1.813E+00
15
.22
coolant
4.78
5.00
6.907E+00
tube
16
.15
5.00
5.15
4.783E+00
5.770E+01
coolant
17
1.55
5.15
6.70
tube
18
.85
6.70
7.55
3.805E+01
moderator
14.70
4.999E+02
19
7.15
7.55
per 1 cm of height of fuel assembly

343

TABLE XI. INITIAL ISOTOPIC COMPOSITION OF MATERIALS, NUCLEAR DENSITIES
(CM'3, 1024). FUEL (T=900 K), CLAD(TUBE) (T=570 K/ 550 K/ 340 K), COOLANT (T=550 K),
MODERATOR (T=340 K).
Nuclide
Nucl. Density
O
l.OOOE-04
Zr
4.144E-02
Nb
1.062E-03
D
5.117E-02
coolant
O
2.571E-02
H
2.570E-04
O
3.600E-02
Th232
2.056E-02
fuel
Pu239
9.480E-04
Pu240
6.085E-05
Pu241
5.064E-06
D
6.592E-02
moderator*
O
3.313E-02
H
3.310E-04
*) Some amount of Tc may be assumed to be dissolved for compensation of reactivity.
Material
void
clad (tube)

TABLE XII. NEUTRON BALANCE IN THE CELL OF T-BLANKET. TOTAL NEUTRON
ABSORPTION IS NORMALISED TO 1.

Cell composition
Epithermal
Element
Cone. *
Capture
Fission
O
2.988E-02
3.093E-03
0.
Zr
2.496E-03
6.137E-03
0.
Nb
6.398E-05
4.869E-03
0.
D
5.506E-02
1.8 HE-05
0.
H
2.764E-04
1.950E-04
0.
Th232
1.054E-03
2.290E-02
3.628E-03
RZTh232 **
1.054E-03
6.125E-02
0.
Pu239
4.860E-05
2.456E-02
4.827E-02
Pu240
3.119E-06
1.653E-03
2.716E-04
RZPu240**
1.944E-02
3.119E-06
0.
Pu241
2.596E-07
1.496E-04
6.266E-04
Gdl57
1.304E-08
5.760E-05
0.
Gdl55
1.195E-04
1.230E-08
0.
"Tc
1.399E-04
0.
1.391E-01
*- mean value of nuclear density (cm, 10 ) in the cell

Capture
2.408E-04
1.382E-02
2.203E-03
1.33 IE-03
4.438E-03
4.620E-02
0.
1.353E-01
5.848E-03
0.
6.074E-04
2.504E-02
5.257E-03
1.376E-01

Thermal
Fission
0.
0.
0.
0.
0.
0.
0.
2.858E-01
0.
0.
1.863E-03
0.
0.
0.

**- RZTh232 and RzPu240 present neutron capture and fission by resonance levels.
Since the mean value of mixed oxides (7.9 g/cm**3) used in fuel pins of T-blanket is less than
its natural density (10 g/cm**3) non-uniform initial fuel density distribution in fuel assembly - 20%

higher compared to mean value in the 1st and 2nd rings of fuel pins (18 pins) and decreased by the
same value in the 3rd ring (18 pins) - may be used for flattening of power distribution. The results of
bum-up calculations are presented in Fig. 5.1.
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0.2

0.4

FIG. 5.1 Power distribution across 3 rings of pins in fuel assembly ofT-blanket depending on time
(years)
Burn-able poison ( Gd or Eu) and transmuted isotopes of Am may be added to fuel material in the
3rd ring to improve power distribution within the first period of time ( 1 year).

DA.1.5.2.2. Case 2.Simulation of burn-up in the V cycle during 5.8 years with Tc99 as control
reactivity element.
F-blanket power 300 MW; Total power = 2400 MW.
Total mass of heavy nuclides = 130662 kg.

The results of calculations - power dependence of time in F- and T- blankets (with total power
constant) and time dependence of isotopes masses in F- , T - blankets and total in the system - are
presented in Tables XIII - XIV and Figs 5.2 - 5.. 11.
During 30 years period of operation at full power 27 t of Pu239 is destroyed and 28 t of W-Pu
incinerated - converted into Pu of different composition , other heavy nuclides and fission fragments.
11 t of Th are involved into fuel cycle with of 7 t of U233 accumulated and 4 t spent in the
installation for power production.
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FIG. 5.2. The dependence ofTh isotopes
masses (kg) on time.
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FIG. 5.3. The dependence ofTh isotopes masses
(kg) on time
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FIG. 5.4 The dependence of Pa isotopes masses
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TABLE XIII. ISOTOPES MASSES (KG) DEPENDENCE ON TIME IN F-BLANKET, T-BLANKET AND TOTAL IN THE SYSTEM
00

0.0

Time (y)
Th228
TH229
Th230
TH232

Pa231
Pa232
Pa233
U232
U233
U234
U235
U236
U237
U238
Np237
Np239
Pu238
Pu239
Pu240
Pu241
Pu242
Am241
Am242
Am243
Cm242
Cm243
Cm244
Cm245

Cm246
Cm247
Cm248

F-bl
0.0
0.0
0.0
6.50+3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.76+3

1.16+2
9.49
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

T-bl
0.0
0.0
0.0
1.16+5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

5.53+3
3.56+2
2.98+1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

F-bl
9.58-6
4.04-04
9.28-06
6.38+3
3.44-1
2.75-5
5.38+0
7.15-3
9.65+1
9.94-1
1.29-2
1.02-4
3.60-8
9.36-9
6.26-7
6.82-13
2.31-2
1.55+3
1.51+2
1.13+1
2.30-1
9.52-1
7.45-3
4.33-3
1.88-2
1.55-4
9.14-5
1.05-6
3.68-9
0.0
0.0

2.0
T-bl
2.76-4
1.62-03
6.91-05
1.16+5
6.24-01
3.18-4
2.78+1
5.80-2
4.10+2
8.29+0
3.22-1
3.43-3
2.30-06
9.41-7
3.32-5
1.22-10
9.95-1
3.46+3
7.48+2
2.98+2
1.76+1
1.32+1
8.19-3
8.87-1
1.14+0
8.29-3
7.23-2
1.18-03
1.63-05
5.21-8
0.0

F-bl
4.03-5
1.50-3
6.08-05
6.29+3
6.24-1
4.17-5
4.40+0
2.36-2
1.69+2
2.79+0
6.29-2
9.03-4
2.69-07
2.70-7
1.03-5
1.65-11
1.08-1
1.39+3
1.75+2
1.29+1
4.44-1
1.99+0
2.55-2
1.41-2
3.95-2
6.22-4
5.12-4
1.06-5
6.84-8
0.0
0.0

4.0
T-bl
1.78-3
6.33-3
5.82-04
1.15+5
1.12+0
7.45-4
3.43+1
2.46-1
8.05+2
3.17+1
2.54+0
6.32-2
5.00-5
7.67-5
1.28-3
1.13-08
1.00+1
1.74+03
8.40+2
5.11+2
7.88+1
3.84+1
3.36-2
7.60+0
5.96+0
8.98-2
1.25+0
3.72-2
1.42-3
8.88-6
1.45-7

F-bl
8.70-5
2.89-3
1.49-4
6.23+3
8.18-1
4.25-5
3.47+0
4.05-2
2.15+2
4.45+0
1.30-1
2.45-3
5.87-7
1.26-6
3.68-5
6.08-11
2.19-01
1.28+3
1.89+2
1.39+1
6.07-1
2.99+0
4.58-2
2.43-2
4.98-2
1.08-3
1.10-3
2.99-5
2.56-7
2.16-9
0.0

5.8
T-bl
4.54-3
1.25-2
1.84-3
1.15+5
1.42+0

1.23-3
4.45+1
5.41-1
1.11+3
7.00+1
8.24+0
3.66-1
3.31-4
1.05-3
1.07-2
1 .72-7
3.14+1
6.83+2
6.81+2
5.27+2
1.78+2
5.11+1
4.63-2
2.46+1
1.30+1
3.01-1
6.29+0
2.34-1
1.91-2
1.72-4
4.70-6
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Am243

M
Cm243

Initial
T-bl.
0
1727
5528.5
356.4
111
9.3
29.8
0
0
6497
116400

Cm245

5.11
The dependence of Am and Cm
isotopes masses (kg)
on time.

INITIAL AND FINAL ISOTOPES MASSES (KG)

F-bl.
0

'

F-bl.
0.22
1283.1
189.4
13.9
0.61
6226.2
3.5
4.05-2
214.4
4.5
0.13
2.5-3
5.9-7

Final
T-bl.
31.4
683.1
680.7
527.4
177.6
1 14650
44.5
0.5
1 106.6
70.0
8.24
0.37
3.3-4

FOR 5.8 YEARS BURN-UP PERIOD
F-bl.
0.22
-478.3
72.63
4.42
0.61
-270.7
3.5
4.05-2
214.4
4.5
0.13
2.5-3
5.9-7

Difference
T-bl.
31.4
-4845
324.3
497.6
177.6
-1750
44.5
0.5
1 106.6
70.0
8.24
0.37
3.3-4

Total
31.62
-323.7
396.9 .
502.
178.2
-2020.7
48
0.5
1321
74.5
8.4
0.37
3.3-4

TABLE XIV (Cont.)
U238
Np7
Np9
Ami
Am3
Cm3
Cm4
Cm5
Cm6
Cm?
Cm8

1.3-6
3.7-5
6.1-11
2.99
2.4-2
1.1-3
1.1-3
3.0-5
2.6-7
2.2-9
1.7-11

1.1-3
1.1-2
1.7-7
51.1
2.6
0.30
6.3
0.2
0.02
1.7-4
4.7-6

.3-6
3.7-5
6.1-11
2.99
2.4-2
1.1-3
1.1-3
3.0-5
2.6-7
2.2-9
1.7-11

1.1-3
1.1-2
1.7-7
51.1
2.6
0.30
6.3
0.2
0.02
1.7-4
4.7-6

1.1-3
1.1-2
1.7-7
54.1
2.6
0.3
6.3
0.2
0.02
1.7-4
4.7-6

D.4.1.5.2.3. Case 2. Simulation of bum-up during 5.5 years, with Tc99 as control reactivity element, Fblanket size and power increased twice - 600 MW (36 fuel assemblies) .
Total mass of heavy nuclides : 127430 kg.
Main results are presented in Table XV and Fig. 5. 12
TABLE XV. INITIAL AND FINAL ISOTOPES MASSES (KG) FOR 5.5YEARS BURN-UP PERIOD

Pu238
Pu239
Pu240
Pu241
Pu242
Th232
Pa233
U232
U233
U234
U235
U236
U237
U238
Np237
NP239
Am241
Am243
Cm243
Cm244
Cm245
Cm246
Cm247

Cm248

Initial
F-bl.
T-bl.
0
0
2748.3
5520.6
177.0355.7
1.5
29.8
0
0
13023
116230

Final
F-bl. T-bl.
29.2
0.5
732.7
1817.9
332.3
678.2
26.5540.4
1.5
172.3
12297
1 14520
45.3
10.6
0.01
0.5
1092.5
541.8
15.5
68.3
8.1
0.6
0.02
0.3
6.0-06
3.3-04
1.0-04
1.6-05
3.3-04
l.OE-02
1.8-07
1.3-09
4.9
59.9
6.9-02
23.9
3.3-03
0.3
4.2-03
6.1
1.5-04
0.2
1.8-02
1.8-06
1.6-04
2.0-08
4.4-06
2.3-10

Difference
F-bl.
T-bl.
0.5
29.2
-930.4
-4787.9
155.3
322.5
25.0
510.6
172.3
1.5
-1710
-726.
10.6
45.3
0.01
0.5
541.8
1092.5
68.3
15.5
0.6
8.1
0.02
0.3
3.3-04
6.0-06
1.0-04
1.6-05
3.3-04
l.OE-02
1.8-07
1.3-09
4.9
59.9
6.9-02
23.9
0.3
3.3-03
6.1
4.2-03
0.2
1.5-04
1.8-02
1.8-06
1.6-04
2.0-08
4.4-06
2.3-10
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FIG. 5.12 Time dependence of power in F- and T-blankets (total power 2600 MW).

During 30 years period of operation at full power 31.2 t of Pu239 is destroyed and 32.8 t of WG Pu
incinerated - converted into Pu of different composition , other heavy nuclides and fission fragments;
13.3 of Th are involved into fuel cycle with of 9.2 t of U233 accumulated and 7.9 t spent in the
installation for power production.

DA. 1.5.2.4. Case 3. U-Thfuel cycle in thermal blanket (fuel cycle 1.5 years)
U233 accumulated in Pu-Th-U fuel cycle (about 4 t total during 30 years) may be used in the same
installation for power production in U233-Th fuel cycle with low consumption of fissile material. The
results of calculations for lower enrichment (1.46%) are presented in Table XVI.
TABLE XVI. INITIAL AND FINAL ISOTOPES MASSES (KG) FOR 1.5 YEARS BURN-UP
PERIOD, CASE 3.
Initial

F-blanket

Th228
Th229
Th230
Th232

6497.4

Final

T-blanket

128800

Pa231
Pa232
Pa233
U232

F-blanket

T-blanket

T-blanket

F-blanket

4.9-06
2.4-04

4.0-04

4.9-06

4.0-04

1.1-02

2.4-04

1.1-02

4.4-06

1.1-03

4.4-06

1.1-03

6406.9

127530

-90.7

- 1270

0.3
2.2-05
5.9
4.1-03
77.0
0.7

0.3
2.2-05

4.5-01
6.9-04

5.9

90.9

4.1-03
77.0
0.7

0.1

U235
U236

6.9-03
4.4-05

4.5-01
6.9-04
90.9
0.1
1787.2
127.5
10.2
0.4

U237

1.7-08

3.8-04

U233
U234

352

Difference

1903.7

6.9-03
4.4-05
1.7-08

-116.5
127.5
10.2
0.4
3.8-04

TABLE XVI (Cont.)
Np237
Np239
Pu238
Pu239
Pu240
Pu241
Pu242
Am241
Am242
Am243
Cm242
Cm243
Cm244
Cm245
Cm246
Cm247
Cm248
Bk249
Cf250

1726.7
111.2
9.3

Cf251
Cf252

2.1-07
2.0-13
1.12-02
1558.3
138.7
10.6
0.2
0.7
4.4-03
2.4-03
1.3-02
8.3-05
3.8-05
3.5-07
9.5-10
2.7-12
7.0-15
1.2-17
3.6-20
1.2-22
1.7-24

5.1-03
6.2-08
3.3-12
1.3-06
1.2-07
1.7-08
1.0-09
1.2-10
4.5-14
1.8-11
1.5-11
5.7-14
6.6-13
4.4-15
1.3-16
1.9-19
1.7-21
1.0-23
1.3-23
7.2-24
1.5-22

2.1-07
2.0-13
1.12-02
-168.4
27.5
1.3
0.2
0.7
4.4-03
2.4-03
1.3-02
8.3-05
3.8-05
3.5-07
9.5-10
2.7-12
7.0-15
1.2-17

5.1-03
6.2-08
3.3-12
1.3-06
1.2-07
1.7-08
1.0-09
1.2-10
4.5-14
1.8-11
1.5-11
5.7-14
6.6-13
4.4-15
1.3-16
1.9-19

3.6-20
1.2-22
1.7-24

1.3-23
7.2-24
1.5-22

1.7-21
1.0-23

The results for 2 enrichments U233/(U233+Th232) % : time of cycle, bum-up (GWt-d/t), breeding
ratio BR and conversion ratio CR:
BR =[ U233+U235+(Pa233-»U233)] (HOC)/ U233 (BOC)

CR= BR+ ATc99/ U233 (BOC)
ATc99 - the number of nuclei of Tc99 transmuted, together with consumption (-) and accumulation
(+) of nuclides (kg) during 30 years of operation are presented in Table XVII. For lower enrichment
1.46% and rather short bum-up (8.6 GWt, 1.5 years) the installation (T-blanket) is close to Th breeder.
For higher enrichment 1.74% and higher bum-up (16.7 GWt-d/t, 2.5 years) the consumption of U233 is
an order lower (about 3 t) than is necessary for the production of power during 30 years.
TABLE XVn. MAIN PARAMETERS FOR TH-U233 FUEL CYCLE; ACCUMULATION (+) AND
DESTRUCTION (-) OF MAIN ISOTOPES (KG) DURING 30 YEARS OF OPERATION
Enrichment %
Time of cycle , a
Burn-up, GWt-d/t
CR
BR
Th232
U232
U233
U234

1.46
1.5
8.6
1.025
0.992
-25000
2
-186
2516

1.74
2.5
16.7
0.93
0.88
-21480
2.4
-2800
2255
353

TABLE XVII(Cont.)
U234
U235
U236
NP237
Tc99

2516
201
8.3
0.1
-535

2255
270
20.4
0.4
-540

DA. 1.5.2.5. Case 4. 2nd cycle with Pu , Am and Cm nuclides from T-blanket of after r' cycle re-loaded
into F-blanket, T-blanket composition the came as in Case 1.

Total mass of heavy nuclides =127200 kg. The results are presented in Table XVIII and Fig. 5.13
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FIG. 5.13
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Power dependence on time in F-blanket and T-blanket (total 2300 MW).

TABLE XVIII. INITIAL AND FINAL ISOTOPES MASSES (KG) FOR 5.5 YEARS BURN-UP
PERIOD, CASE 4.

F-bl.

Th228
Th229
Th230
Th232

2958.2

Pa2:;i

Pa232

Pa233
U232

U233
U234
U235

U236
U237

U238

0
0
0
0
0
0
0

NP237

Np239
Pu238
354

31.4

Initial
T-bl.

116400

Final
F-bl.
T-bl.
4.3-05
4.4-03
1.3-03
1.2-02
7.8-05
1.8-03
2839.0
1 14660
3.4-01
1.4
1.89-5
1.3-03
1.4
45.1
1.7-02
5.4-01
95.2
1102.7
3.7
69.7
1.1-01
8.2
2.2-03
3.6-01
4.7-07

3.3-04

1.2-06
3.3-05
5.4-11
49.2

1.0-03
1.1-02

1.7-07
30.1

Difference
T-bl.

F-bl.
4.3-05
1.3-03
7.8-05
-119.2
3.4-01
1.89-05
1.4
1.7-02
95.2
3.7
1.1-01
2.2-03
4.7-07
1.2-06
3.3-05
5.4-11
17.8

4.4-03
1.2-02
1.8-03
-1740
1.4

1.3-03
45.1
5.4-01
1102.7
69.7
8.2

3.6-01
3.3-04

1.0-03
1.1-02
1.7-07
30.1

TABLE XVIII (Cont)
Pu239
682.9
Pu240
680.0
Pu241
Pu242
Am241
Am242
Am243
Cm242
Cm243
Cm244
Cm245
Cm246
Cm247
Cm248
Bk249
Cf250
Cf251
Cf252

5528.5
356.4
29.8

527.2
177.5
51.1
24.6
13.0

6.3

505.7
637.6
310.8
182.6
136.3
2.8
30.9
2.4
1.5-01
7.5
6.3-01
1.3-02
2.0-04
2.8-06
1.2-08
1.6-10
2.3-12
1.9-14

694.1
685.1
529.7
177.3
49.9
4.5-02
23.3
12.8
3.0-01
5.9
2.2-01
1.8-02
1.6-04
4.4-06
3.8-08
7.5-09
2.4-09
9.0-10

-177.2
-42.4
-216.5
5.1
85.2
2.8
6.3
-10.8
1.5-01
1.2
6.3-01
1.3-02
2.0-04
2.8-06
1.2-08
1.6-10
2.3-12
1.9-14

-4834.4
328.7
499.9
177.3
49.9
4.5-02
23.3
12.8
3.0-01
5.9
2.2-01
1.8-02
1.6-04
4.4-06
3.8-08
7.5-09
2.4-09
9.0-10

D.4.1.5.3 Comparison of 4 Cases (for fuel cycles 5.8 years, 5.5 years, 1.5 years and 5.5 years).

Comparison of results for build-up or destruction of materials -in Figs 5.14 - 5.21

Caset

Case 2

Case 3

Case 4

FIG. 5.14 Masses (kg) of eliminated Pu239for 4 cases

Pu238

Pu240

Pu241

Pu242

FIG. 5.15 Masses of other Pu isotopes accumulated or eliminated for 4 cases
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FIG.
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Case

Case

1

2

3

Case
4

5.16 Masses ofTh232, converted to Pa and U isotopes

B Pa233

Case 1 Case 2 Case 3 Case 4

FIG 5.I 7 Build up (kg)

of Pa233 (decays into U233 after unloading)

U232

FIG.
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5.18

U233

Masses of U isotopes (kg)

U234

U235

U236

produced in 4 cases.

U237

U238

Np239

Np237

FIG 5 19 Masses ofNp isotopes produced in 4 cases

Case 1

Case 2

CaseS

Case 4

FIG 5 20 Production (kg) of Am isotopes for 4 cases

Cm243

FIG 521

Cm244

Cm245

Cm246

Cm247

Cm248

Accumulation of Cm isotopes for 4 cases

D.4.1.5.4 Physical Properties ( Case 1).
D 4 1 5 4 1 Thermal Neutron Flux
Neutron flux <3> at the beginning of cycle is estimated as
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" I/cm2 sec

By the end of fuel cycle (- 6 years) fissile material mass decreases so that:
1013 I/cm2 sec

1.6*

D.4.1.5.4.2. Capture and Decay ofPa233

Neutron capture by intermediate element Pa233 in the breeding process (conversion of Th232 into
U233) results in a loss of neutron in the competition between neutron capture and radioactive decay and
is proportional to neutron flux that brings about the loss of reactivity and consequently a decrease of
breeding ratio. The loss of reactivity is estimated by the value:
dK/K(Pa233) = -0.13%

After shut-down the of ABC F-T system the decay of Pa233 results in an increase of U233
concentration and consequently in reactivity increase. This effect was estimated for the end of fuel cycle:
dK/K(Pa233-»U233) = + 0.45 % (K=0.99 -» K=0.9945)
This low value may be explained by low neutron flux in T-blanket (In E-A system [1] a similar effect
is estimated to be about 2%). It should be noted that multiplication factor K defined as the ratio :
[number of secondary neutrons emitted in fission] / [number of secondary neutrons emitted in
fission + number of neutrons produced by external source]
for subcritical system is different from eigen-value K« (that determines the properties of the system
with external sources switched off). The corresponding values were:

Ke=0.9710 (instead of K=0.99); Ke=(Pa233->U233) =0.9777
As a matter of fact internal properties of the system and consequently safety conditions are governed
by Ke that is less than K. In this sense the system remains in a deeper sub-critical state even after decay
ofPa233.
DA. 1.5.4.3. Doppler reactivity effect.

Doppler reactivity effect was estimated by calculation of T-blanket cell for two different fuel
temperatures - 800 K and 900 K. The difference in reactivity per 1 °C - Doppler reactivity effect is
equal: dK/dT =-7.8 E-6 l/°
D. 4.1.5.4.4. Liquid Pb-Bi Void Reactivity Effect

Of much importance is the negativity of Pb-Bi void effect. Calculations with Pb-Bi density decreased
twice led to the result:

dK/K

vo,d

= - 0.01 % /1 % of void

Loss of a half of Pb-Bi liquid (substitution for a void) leads to the loss of reactivity 0.5%.

D.4.1.5.4.5. Moderator Density (with Tc99 Dissolved) Reactivity Effects
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The decrease of moderator density results in a reactivity effect that depends on the concentration of
Tc99 dissolved in heavy water. As was estimated reactivity effect is negative or zero for weight
concentration of Tc99 about 10 g/1. If this limit is exceeded the other ways of reactivity compensation
should be applied : burn-able poisons - Gd for short period processes; Am241 (thermal capture crosssection 600 b, resonance integral 1500 b) and Am243 - for long periods; control rods; continual reloading
at full or decreased level of power (like in CANDU reactors).

D.4.1.5.4.6. The Property of One-Directional Neutron Coupling

This property may be defined as having two features: 1) weak influence of multiplication capabilities
in T-blanket on the number of secondary neutrons bom in fission in F-blanket, 2)weak influence of
physical properties changes in T-blanket on the reactivity of total system.
Calculations led to the following results:

1)

[ d(nF)/ nF)]F.blanket / [ d(nF)/ nF)]T.blinkel = 0.005
2) dK/dConc(Pu239) = 0.033% /1%.

For a system without one-directional coupling (fission material removed from F-blanket and the same
level of sub-criticality reached by an increase of initial Pu239 concentration -1.5 times), the 2nd value
occurred to be an order higher : 0.33%/ 1%. This means that total system may be operated at the level of
sub-criticality with K=0.99 and have the same safety conditions as a system without this property with
much deeper sub-criticality (K around 0.9-0.95) and consequently the system proposed here needs much
lower (5-10 times) proton current of accelerator beam.
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D.4.1.6. MONITORING AND CONTROLLING OF ADS INSTALLATION

In order to provide optimal and safe routine operation of the electro-nuclear installation, it is
necessary to conserve all elements of traditional systems of controlling and protection of critical
installation and to add to them some necessary specific elements to create by this a quite new system
for monitoring and controlling the electro-nuclear installation.
The functions of quick response (with response time ~ 1 ms) will be implemented by a subsystem
of interruption of the beam in the very beginning of the accelerator (after injector or/and the very first
accelerating sections). This will allow to stop the beam of accelerator with practically any given rate
of reliability.
The blanket must be equipped with well developed structures of operating heads of controlling
and monitoring in order to provide:
- reliable shut-down of the blanket for periods of reloading or long stops;
-possibilities to flatten specific power production through the whole volume of the blanket to
maintain satisfactory economical parameters of the installation.
Presence of a traditional subsystem of controlling and monitoring in the total system will allow to
reach critical state of the installation (for specific experiments) and to rise significantly reliability of
assessment of the level of subcriticality of the blanket.
But traditional system should be complemented with channels of continuous reactivity control.
This system is based on analysis of back edge of a neutron pulse resulting due to time pause arising
due to separation of H" and HP beams as each type of accelerated beam irradiates its own blanket.
If this reactivity parameter falls out of the limits of a certain interval, the control system should
correct the level of reactivity or to stop the whole NP installation by operating drives of the control
system and by switching off the charged particles beam.
To guarantee the possibility to control power variations of the installation and to find out the
reasons of these variations a special system capable to measure charged particle beam directly falling
on the target is quite necessary.
D.4.1.7. FUEL CYCLE
The fuel cycle incorporates the operations of fresh oxide fuel manufacture for "fast" and
"thermal" blanket zones, irradiation of finished fuels, cooling prior to reprocessing, chemical
reprocessing of spent fuel and refabrication to produce a fresh fuel charge from fissionable materials
recovered upon reprocessing with minor actinides (MA) included.
The fuel cycle does not directly involve operations of separation of short-lived transmutation
products and conditioning of products of this type to chemical forms suited for the disposal, however,
these operations are indispensable for the ecologically safe closure of the fuel cycle.
Fundamentally specific feature of the fuel cycle under discussion is the availability of two
fissionable actinides (Pu-Th) in the primary charge and three ones (Pu-Th-U) in the spent fuel; Pu, Th
and U being macrocomponents of the composition.
To-day there are no commercial or semi-commercial processes of both fabrication of Pu-Th
oxide fuel and regeneration of Pu-Th-U compositions that are formed under irradiation. However,
some fragments of such processes have been mastered adequately to form the process flow outline for
the needed fuel cycle.

These main fragments cover:
- reprocessing U-Pu (discharged) fuel (Purex process and its versions);
- manufacture of mixed U-Pu oxide fuel (MOX);
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- reprocessing Th-U (discharged) fuel (Thorex process, interim and their versions).
The above mentioned technological processes are basic ones in considering the fuel cycle route.
Fabrication of fuel. The fuel fabrication may be based on two main technologies, namely, dry
blending of oxides and chemical coprecipitation of fuel components followed by processing the
precipitate to prepare mixed oxide.

Dry blending of oxides. The process involves operations of blending Pu and Th oxides,
briquetting, primary sintering, comminution with a binder (zink stearate), granulation, pellet pressing
and sintering. The sintered pellets are checked for their geometric sizes, density, chemical
composition and structure. Then, the operations of certifying pellet columns, fuel rod stacking,
welding and tightness check-up are carried out.

The basic technology is the process used to fabricate U-Pu fuel for the complex "300" at the PU
"Mayak".
The dry route can be considered to realizable for the primary charge of both "fast" and "thermal"
blanket zones as well as for the refabrication of the thermal blanket charge. Problematic is the
application of the dry route to the refabricated charge of "the fast" blanket that is to incorporate highly

toxic oxides of Np, Am, Cm and long-lived fission products (e.g., Tc). The main obstacle is the
available dust forming operations and problems relevant to the staff protection and gas clean-up.
Chemical coprecipitation of elements. Mostly mastered are carbonate and ammonia processes
developed for the MOX fuel fabrication. For the fuel cycle under consideration the ammonia process
is preferable. Ammonium hydroxide is a more universal precipitant and can be used for fabrication of
both the primary charge of "fast" and "thermal" blanket zones and the refabricated charges containing
oxides of MA and fission products.
Initial solution contains nitrates of Pu and Th in the specified ratio (the primary charge) and
additionally nitrates of MA (the refabricated charge). Pu is stabilized in the tetravalent state. Metal
hydroxides are precipitated with ammonia hydroxide in presence of surface-active substances as
shape formers. The precipitate that is adequately flocculated granules is readily separable from a
mother solution. After washing and drying the precipitate is calcined in an inert environment to form a
homogenized oxide mixture. Pellet pressing and subsequent operations are the same as are used for
the dry route of fuel fabrication. Incorporation of long-lived fission products into a fuel composition
requires the process to be additionally mastered (e.g., Tc-99 may be also incorporated into the
composition as TcO2, however, the stage remains to be determined at which Tc can be added, Tc (IV)
stabilization, precipitated and blended).
The basic technology is the "Granat" process also developed for the MOX fuel production at the
complex "300", PU "Mayak".
Fuel irradiation. On one hand, duration of irradiation is governed by nuclear transmutation and,
on the other, by life-time of oxide fuel rods. Real time of a fuel rod staying in "fast" and "thermal"

blanket zones is 6 to 8 years.
Interim storage of fuel. The time of the interim storage of fuel prior to reprocessing is summed
up of the time of the at-reactor storage (immediately after the discharge) and the time of holding in a
cooling pond at a reprocessing facility. Storage condition differs in intensity of heat removal. If the
spent fuel is not to be shipped transmutation reactor and reprocessing facility are sited at the same
utility. A single special schedule of interim storage is feasible. The total time of interim storage must
not be less than 3 years.

Spent fuel reprocessing. The process flow outline for spent fuel reprocessing integrates the
most rational elements of known extraction routs (Purex, Impurex, Thorex), involving also additional
operations such as evaporation and crystallization.
Since in both "fast" and "thermal" blanket zones new fuel - U-233 is generated and burnt, despite
different rations of the main components (Th, Pu and U) in the spent fuel of the "fast" and "thermal"
blanket zones it is advisable to co-reprocess it.
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After removal of structural components of a fuel assembly and mechanical chopping fuel rods the
fuel is dissolved in nitric acid under the conditions close to those used for the dissolution of power
reactor fuel rods. Adjustments are possible as small additive of fluorine ion to dissolving solution to
accelerate dissolution of thorium oxide. Then the solution is isolated from cladding elements and goes
for filtration and acidity adjustment for extraction reprocessing. Fuel rod cladding components are
washed and transferred to a special tank and their subsequent handling may be different (disposal,
decontamination etc.).
While dissolving non-dissolvable residue may be available; it mainly consists of intermetallic
phases of Rh, Pd, Ru, Tc and Mo. Handling of undissolvable residue is a special operation of deep
dissolution and storage.
The solution as conditioned to extraction reprocessing goes to the first extraction cycle the
objective of which is to extract and purify Th, Pu and U from fission products. Separation of Pu from
Th and U and preparation of the cycle products, namely, Pu and Th-U streams. An extractant is a
standard solution of TBP (30% vol.) in a hydrocarbon dilutant; the apparatuses are commercially
operated equipment of any type (mixer-settlers, centrifugal extractors, counter-current columns). The
operations of the cycle are co-extraction of U, Pu and Th, washing of an extract to remove fission
fragments, reductive stripping of Pu and removal of Pu from the cycle, co-stripping of Th and U
regeneration of an extractant. As a reductant it is advisable to use no-salt forming reagents on the
basis of hydrazine or U (IV) derivatives from the U regenerate.
Pu extracted from the head end cycle is sent to the refinement cycle. The refinement cycle
structure is not discussed since similar operations are well known and are a constituent port of
commercial facilities for power reactor spent fuel reprocessing. From the refinement cycle Pu as a Pu
nitrate solution purified is directed to the operations of refabrication of a fuel charge for the "fast"

blanket.
The Th-U co-product is evaporated at the evaporation ration of 8-12 and cooled for hydrated
thorium nitrate to be crystallized. If it is necessary thorium nitrate is subjected to recrystallization,
washing and sent to the operations of the fuel charge refabrication for both "fast" and "thermal"
blankets.
The mother solution from thorium nitrate crystallization containing U and Th (with U-Th
increased proportionally to the evaporation ratio) is adjusted in terms of the HNOs content and
reprocessed in the U-Th cycle with relatively low efficiency. The extractant of the cycle is similar to
that of the head end cycle. The cycle operates under supercritical conditions with a partial discard of
Th to the cycle raffinate since the objective of the cycle is to produce pure U product. The washing
solutions of the cycle also containing thorium join the raffinate and the joint flow is transferred for
reprocessing in the head (Th-Pu-U) end cycle. The purified U product of the cycle is used as a
"plutonium substituting" fuel in the thermal blanket or is reprocessed to oxide (by the known
processes and is stock-piled).
Thus, the products of chemical reprocessing spent fuel of "fast" and "thermal" blanket zones are
purified nitrated of Pu, Th and U that are suited for refabrication into fuel.
Unburnt MA and fission products go to the high activity raffinate of the head end cycle. The
raffinate is evaporated to recover nitric acid that is recycled.
The presented basic process flow outline does not involve operations of partitioning high-activity
waste of the cycle and isolating the MA fraction to be incorporated into the fuel composition of a
"fast" blanket zone. This operation is to be carried out jointly both for the major source of MA,
namely, high-activity waste of power reactor spent fuel reprocessing and the waste of transmutation
reactor fuel reprocessing. The products of this co-reprocessing are a MA stream arriving at the
refabrication of "fast" blanket zone fuel and a stream of short- and medium-lived nuclides purified
from long-lived nuclides; they are sent for the preparation of immobilizable forms (glass, mineral-like
materials etc.) to be disposed of.
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reprocessing.

D.4.1.8. WATER-CHEMICAL REGIME OF HEAVY-WATER BLANKET ZONE

The main parameters of the blanket of ADS are presented in Tables XVin and XIX.
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D.4.1.8.1. Water-chemical conditions of heavy-water loops
Water-chemical conditions are composited on basis of quality standards for heavy water medium,
worked for all exploitation conditions (start of operation, stationary and transition states).
Correctionless, near neutral water-chemical conditions are adopted in coolant and moderator loops.
Quality standards are presented in Table XVIII.
In order to check characteristics of water medium it is necessary to find out: concentration of
deuterium dissolved in water, radioactivity of water, stipulated by tritium and concentration of
deuterium and oxygen in gaseous volumes of technological and auxiliary equipment.
D.4.1.8.2. Providing of settled water-chemical conditions

The rate of bypass flow (part of water loop, directed to purification) is usually measured by rate
of entrance component in the water; in our situation - by product of corrosion in count on iron [38].
Rate of bypass flow ("blow off) for above mentioned loops is calculated from the equation [39]:
W=q,/Ce.Ti

(8.1)

W-bypassflow, t*h"';
qi - rate of i - component entrance in water medium, q*h"!;
C£ - standardized concentration of i - component, q*m":i;
T| - efficiency of water purification plant; this coefficient may be in range 0.6^-0.8 for iron
corrosion products (oxides).
Corrosion rate of stainless steel under routine conditions in the loops according to [40,41]:
1*10"" - for coolant loop;
0.2* 10"4 - for moderator loop.
Share of stainless steel corrosion products released in water in insoluble form (crud) at these
conditions usually is accepted equal 0.2.
Then for coolant: ^

= 0.006? xh~l ; WC = 1.7m3 h'1

for moderator: q j? = 0.014 q*h"'; Wm = 0.4 m3*rf'
Summary value of bypass flow will be equal 2.1m?*h~1 or 3% of the volume of water loops, that
is considered technically and economically reasonable in practice of nuclear power plant operation.
Bypass flow enters on special water purification plant, where after preliminary degassing it is passed
through ion exchange columns.

D.4.1.8.3. Evaluation of deuterium stationary concentration in heavy water loops

Basic factors, that define absolute stationary values of radiolysis of molecular products,
including deuterium, are specific dose rate of radiation and standard values of water quality.
Maximum values of deuterium stationary concentration that may be reached in modern powerful
nuclear plants with specific power up to several MW*dm'3 of core, can't exceed 5*10^ mol*dm"3 [42].
Power density in coolant (in water volume of core) and moderator of ENP is, accordingly: 130
kW*dm'3 and 3.5 kW*dirf\
Stationary equilibrium concentration of deuterium in heavy water loops of coolant and moderator
may be calculated, in particular, by dependence [42]:

(8.2)
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[D2] jj" -stationary concentration of deuterium at power density in the water 103kW*dm 3
,mol*dm~3;

Nsp

N™**

- specific power in considered water system, kW*dm~3;

- specific power in high loaded water system, 103 kW*dnT3.

for coolant [D2]

c
st

= 1.8*10^mol*dm~3 = 4 ml s.t.pV dm3

for moderator [D2] £ = 3.5* 10'5 mol'dm'3 = 0.6 ml s.t.pVdm3
Reliability of these results is confirmed by criterion evaluation. Received values of stationary,
equilibrium concentration for deuterium in stationary conditions of coolant and moderator loops are
presented in Table XIX
Deuterium in heavy water media of coolant and moderator must be in solved state and volume
liberation of gases is impossible.
D.4.1.8.4. System for removing and catalytic recombination of radiolytic gas mixtures
Gas liberation (in particular liberation of deuterium) may take place from bypass flow of ADS
heavy water medium. Rate of deuterium liberation from bypass flow in gas loop is calculated from
values of bypass flows and stationary, equilibrium concentrations of dissolved gases in each loop. It is
preferably to use helium as bearer gas in gas loop (cavity) of ADS, because this gas have high
permissible limit of explosive concentration and small volume for dilution of radiolytic gas.
Productivity of radiolytic gases "blow off' system is calculated on the base of adopted standards
on content of deuterium or explosive mixture and on the rate of entrance of these gases in gas volume
(cavity) by following dependence:

Q=10 2 *q D 2 *K/[D 2 ] N

(8.3)

Q - productivity of "blow off" system, m3*h~';
qD2 - rate of deuterium liberation from liquid phase, m3*h~';
[D2]N - standardized limit of deuterium concentration in gas cavity, % mol;

K - coefficient of multiplicity (K=2

or 3).

As above mentioned, flow rate of water on "blow off from coolant loop is 1.7 m3*h~', from
moderator loop - 0.4 m3*h~', concentration of deuterium in water of these loops is found at a level 4
ml s.t.p./dm3 and 0.6 ml s.t.p./dm3, accordingly. It follows from these data that flow rate of deuterium
from "blow off water in helium cavity is 6.8 dm3*h~' for coolant loop and 0.24 dm3*h"' for
moderator loop.

Local productivity of "blow off is calculated from equation (8.3) and adopting value of
multiplicity coefficient equal 3 and standard on content of deuterium in helium loop (cavity) < 5.5 %
vol. is 0.4 m3h~'. Taking into account necessity of "blow off deuterium from gas volume of auxiliary
equipment and from technology volumes, given productivity must be increased by one order and will
be 4 m3*h~1 in first approximation.
D.4.1.8.5. Detritization and deprotonization of ADS heavy water medium

Radioactivity of water caused by tritium in heavy water is related with value of mean neutron
flux. Thus, at flux 1014 n*cm~2*c~', radioactivity of tritium rises by 2.146*10" Bk*dm"3 per a year.
Equilibrium concentration of tritium will be reached in 20 years of plant operation and will be equal
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58 Ci*dm 3. Supporting of tritium concentration in heavy water at level 1.0 Ci*dnf3 for reactors is
considered as technically sufficient.
In this connection plant for detritization and deprotonization must be provided in the
technological scheme. Isotopic concentration of heavy water in coolant and moderator loops must be
supported of level not less than 99,5 % mol. D2O and concentration of tritium (DTO) at the level
3.7* 1010 Bk*dm~3 by means of continuous purification of heavy water from accumulative admixtures
(HDO and DTO) should be provided.

TABLE XVIH. TECHNICAL REQUIREMENTS TO QUALITY OF HEAVY WATER COOLANT
AND MODERATOR
Normal value
Index of heave water quality

Unit of measuring

Specific conductivity

Sm*m°

Value of pD

unit pD

Chlorides concentration

mg*dm~

3

First filling and
make-up water
<2*IQ'4

Loop
water
<4*10'4

5.5-6.5

5.0+7.0

2

<5*iO' 2

<5*10~ 2
> 99.75

<5*10'2

<5*10"

Concentration of corrosion product

mg*dm"3
% mol

(account on iron)
Isotopic concentration of D in water

>99.0

TABLE XIX. STATIONARY CONCENTRATION OF DEUTERIUM IN LOOPS OF COOLANT
AND MODERATOR
Equilibrium, stationary concentration
Limit of deuterium
Heave water loop

of deuterium in loop water,
dm3s.t.p./dm3

solubility at exploitation
parameters,
dm3 s.t.p./dm3

coolant

4*10"

6.0

moderator

6*10"

2*10 ,-2

D.4.1.9. ELECTRO-NUCLEAR NEUTRON GENERATOR - PROTOTYPE OF ADS
INSTALLATION

Electro-nuclear neutron generator planned to be constructed uses the ITEP decommissioned
reactor HWR for housing of subcritical blanket with fast and thermal (heavy water) neutron
multiplication zones (Fig.9.1).
Be-target irradiated by proton is from ISTRA-36 linear accelerator is the source of fast neutron.
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U + D,O - blanket

9.1. Electro - nuclear neutron generator

FIG. 9.1 Electro-nuclear neutron generator

Electro-nuclear neutron generator main parameters:
- Accelerator proton energy

- Proton pulse time
- Proton pulse current
- Mean proton current
- Proton pulse frequency
- Target fast neutrons intensity
- K ef start-up blanket
- Start-up blanket power
- Reflector thermal neutron flux
- Start-up blanket load 235
"JDTU (90%)

36 MeV

150 inks
150mA
0,5 mA
25 Hz
1.5 1014 n/s
0.95
25 kW
1.5 1012n/sm2s
2kg

The purpose of the facility:
- application as a full scale physical model of ADS installation blanket;
- investigation of Th-heavy water cells;
- check and improvement of the control and protection system ADS installation;
- fundamental research (acdnide constants for fast neutron parameters of proton interaction with
target and accelerator materials).
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DA 1.10. ZERO POWER HEAVY WATER REACTOR MAKET AT ITEP
Zero power reactor MAKET is designed for precision experiments with full-scale lattice models
of fast and heavy-water thermal blankets of ADS installations.

Shilding
Fuel channel

Fuel chan n e I

Tank of active zone

Safety tank

Control rod:

Supports

FIG. 10.1. Zero power heavy water reactor MAKET.

Reactor main parameters:
- facility's maximum power
- core diameter / height
- maximum volume of heavy water in the core
- number of power and reactivity control channels
- CPS rods number
- number of channels for control and limitation
of the heavy water level in the core
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IkWt
3,4 m/ 3,5m
19 t
7
7

- measurement accuracy of the heavy water absolute
level in the core
- measurement accuracy of the relative variations
in heavy water level in the core

-

1,5mm
0,5 mm

D.4.1.11. ECONOMICAL ESTIMATIONS.
D.4.1.11.1. Expenditures for superconducting linear accelerator
Capital investments and expenditures for routine operation of superconducting 1 GeV, 10 mA 30
mA proton accelerator were defined on the costs of similar parameters devices of constructed
accelerators, in particular of the linear accelerator of meson factory of INI of RAS and of the
superconducting accelerator CEBAF. Full expenditures for accelerator with current 10 mA will be
150 million dollars. Their components are presented in the table:
Equipment
Expenditures (millions dollars)
Superconducting resonators with cryostats
60
HF channels with automatics systems
20
Automated control/parameters measurement systems
5
Standard equipment
40
Cost of construction
25
Expenditures for the accelerator with current 30 mA will be 185 million dollars. This rise is
mainly caused by necessary increase of HF power. Annual expenditures for routine operation of the
accelerator itself are estimated as 6 million dollars including 2 million dollars for salary.
Judging on experience of operation of linear accelerators life-time of the proposed accelerator is
defined to be equal 30 years.
After decommissioning the accelerator and its main devices may be used for construction of
other physical installations. The accelerator will be radioactive and ecologically "clean", without
radioactive wastes. Costs necessary for decommissioning in this case will not be higher than 35
million dollars.
As to technical feasibility of the project it is possible to say that techniques of fabrication of
the main devices of the accelerator is well experienced in the world though quite similar accelerators
were not yet constructed. The accelerator of ENI of RAS (protons energy is 600 MeV, average current
- 1 mA) developed by MRTI of RAS jointly with invited institutions and superconducting electron
accelerator CEBAF may be looked as prototypes. Time necessary for realization of the project is
estimated as 7 - 10 years. If to invite to development and construction of the accelerator some of
foreign laboratories and firms then this time may be decreased to 5 - 6 years.
At the stage of designing the cost of which is estimated as 40 million dollars and necessary time
- 4 years, construction of three experimental installations is supposed: RFQ accelerator with a cryostat
and a proton injector, cryomodules of the first and the main parts of the superconducting accelerator
with HF and automation systems. Design solutions and the main procedures will be developed at these
stands. Expenditures for creation of these stands will not be higher 10 million dollars; expenditures
necessary for routine operation will be approximately 0.5 million dollars per a year.
Development and creation of equipment and of technologies of the accelerator will provide
further progress in the area of HF superconductivity, powerful HF systems of continuous way of
operation, effective systems of cryogenics under temperatures 2K. Significant numbers of specialists
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in accelerators techniques and in adjacent specialities will obtain working places in the works on this
project.
So full expenditures for the whole life of the accelerator will be
185 + 40 + 10 + 35 + 180 + 2 = 452 million dollars.

D.4.1.11.2. Expenditures for target-blanket part and the installation
A fast neutron reactor of BN-800 type and a heavy water gas-cooled reactor of TR-1000 type
may be chosen as prototypes as real technical and economical foundations exist for them. In this case
capital investments for creation of the installation (without accelerator) will be 1.5 billion dollars.
Annual routine operation expenditures will be 160 million dollars. Cost of the project is 150 million
dollars.
Costs for construction of a prototype of electro-nuclear generator of neutrons is 5 million
dollars, expenditures for routine operation - 1 million dollars per a year. Costs for decommissioning
of the power installation (by estimation of specialists of industrial association MA YAK) is 500
million dollars.
So for the whole life time of the installation (without accelerator) 1500 + 150 + 4800 + 500 +
5 + 30 = 6985 million dollars will be spent.
D.4.1.11.3. Expenditures for the whole installation

Total expenditures for the whole installation may be estimated by the sum 6985 + 452 = 7437
million dollars.
Relatively small expenditures for superconducting accelerator make full price of the electronuclear installation of such type quite comparable with the price of traditional NFS. All elaborated for
NFS economical approaches and estimations may be fully applied to electro-nuclear systems with a
superconducting accelerator.
Under power production of electric power 10 billion kW h all earlier presented expenditures will
be recouped during the first years of operation of the installation as sale price of electric power in
Russia is very high (6 cents per a kW h for February 1, 1996).
In accordance with the project of the reactor TR-1000 and estimations of MRTI on linear
accelerator, total number of personnel necessary for routine operation of the Electro-Nuclear Power
Installation, administration, technical and additional service will be approximately 2100 specialists.
All above presented estimations should be obligatory corrected by detailed technical and
economical foundations but, nevertheless, accuracy of the presented estimations is comparable with
estimations of the prices of traditional nuclear power installations at similar stages of development.

D.4.1.12. EFFECT ON ECOLOGY

The absence of appreciable losses of a beam of proton in a accelerator makes it relatively
radioactive-safe in a operating time and in the process of removing it from operation.
Biological shielding of operating accelerator can be realized with the use of checked on Y-10
(ITEP ) and Y-70 (IPHE ) technical decisions in such a manner that outside a sanitarian zone
characteristic radiation will not be above a background.
Fumes-off noble gases out of blanket will not be as much as indicated in [43]. Specific for heavy
water system fumes-off tritium can be evaluated by a value not exceeding 1600 Ci per year in view of
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measures on clearing heavy water of tritium, with maintenance of tritium concentration at a level not
exceeding 1 Ci/1 D2O.
D.4.1.14. CONCLUSION
Presented data on superconducting linear accelerator show that such linear accelerator will
possess unique characteristics:
- It will be capable to accelerate currents of protons and negative hydrogen ions up to 30 mA
under losses not higher than 10"5 . Total efficiency on utilization of applied electric power will be
approximately 60 %.
- The accelerator will be radioactive "clean" installation which will not require utilization of
remote controlled techniques.
- Life time of the accelerator will be more than 30 years. After decommissioning there will not be
necessity to bury separate elements and they may be used for other purposes.
ADS installation has Pb-Bi target and partitioned fast-thermal subcritical blanket. Total
installation power is 2300 MWt. The coolant of fast blanket zone is Pb-Bi. The coolant and moderator
of thermal zone is heavy water.
Analysis of accumulation of activity in Pb and Pb-Bi targets irradiated by protons has shown
activity Po-210 to be not determining factor. It will allow to choose Pb-Bi (melting point 125°C) as a
target and a heating agent in fast zone instead of Pb having relatively high-level melting point 327°C
that essentially facilitates and makes cheaper operation of such system.
A general concept of ABC installation with an estimation of its main physical properties was
presented above.
Fast spectrum blanket presents a source multiplying region that with a combination with thermal
spectrum blanket and some elements of system composition (downward section of Pb-Bi coolant,
steel walls of F- and T-blanket vessels and inner heavy water reflector) provides a property of onedirectional coupling leading to a sufficient decrease of accelerator proton beam current (with (1-K) 0.01) at safety conditions corresponding to much higher level of sub-criticality ((1- K) around 0.050.10) . On the other hand this section - F-blanket core - may be used for deeper incineration of
actinides accumulated in both cores.
Deep burn-up values - about 70 GW-day/t in F-blanket and 35 GW-day/t in T-blanket correspond to - 6 years of operation at full power without re-loading. About 90% of initial Pu239 in
T-blanket is converted to fission fragments or higher isotopes during 6 years fuel cycle. The discharge

of spent fuel (except fission fragments) - Pu and higher actinides - can be re-injected into F-blanket
for further incineration .
During 30 years period of operation at full power about 25 of WG Pu is destroyed - converted in
into Pu of different composition , other heavy nuclides and fission fragments, about 10 tons of Th are
involved into fuel cycle with 6 t of U233 accumulated and 4 t spent in the installation for power
production. A sufficient amount of Tc99 (dissolved in the moderator) or Am may be transmuted if
they are used as a reactivity control materials in T-blanket.
Liquid Pb-Bi void reactivity effect is negative, reactivity effect of Pa233 decay (into U233) is
small.
U233 accumulated in the system may be used in Th-U233 fuel cycle with conversion breeding
ratio close to 1.
The system may effectively be used for destruction of WG Pu with power production and
accumulation of U233 as a new fissile material that at the next stage can be used in a closed Th-U233
fuel cycle with breeding ratio close to 1.
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It is shown that all stages of fuel cycle may be practically realized on the basis of technologies
experienced in Minatom' plants in Russia.
Chemical technology defines reliability, technical safety and economy of electronuclear plant
(ADS) in many respects. Significance of chemical technology is conditioned by using of heavy water,
that is tied, besides problems of water preparation, special water purifying and degassing.
For successful realization of the project it is necessary to create a series of stands in
substantiation of accelerator systems , to create stands for study of thermohydraulic parameters of PbBi targets as well as parameters of fast zone cooled by Pb-Bi and at last to create accelerator driven
generator of neutrons - a full scale model of power installation..
Significant part of technical solutions on accelerator, blanket, systems for monitoring and
controlling may be checked and tested at the Electro-Nuclear Neutron Generator which is now under
construction in ITEP. This Generator is based on the existing proton accelerator ISTRA-36 and the
ITEP shut-down heavy water reactor HWR.
Neutron-physical blanket parameters of the electro-nuclear systems and physical foundations of
the method of controlling reactivity by analysing the rear edge of a neutron pulse will be investigated
at the experimental heavy-water reactor of zero power MAKET ITEP.
The problems of ecology and physical protection for offered ADS installation are traditional and
do not differ from appropriate problems for critical NP installations in action and under design. The
specific problem, connected with fume-off tritium formed in heavy water can be resolved with the
help of installation on separating of hydrogen isotopes developed in ITEP, enabling to support tritium
contents in heavy water at a level not exceeding 1 Ci/1. In this case total annual tritium fume-off does
not exceed 1600 Ci (experience of CANDU reactors).
Preliminary economic evaluations have shown that relatively small contribution of accelerator
cost to total installation one permits to apply to ADS installation of such type all economic
approaches and criteria, characteristic for traditional PN installations and makes the cost and
recuperation of ADS installation comparable with appropriate NP installation.
Cooperation with Foreign Centers and Companies

1. Neutron physical properties of sub-critical systems with external sources (theoretical methods
and computer codes, benchmark calculations, nuclear data, investigation of neutron physical
properties of AD systems for current design) - collaboration ITEP-LANL
2. Design development and manufacturing of next subject:
- Superconducting cavities (with drift tubes and Cornell-type) - Grumman (USA), CERN,
KEK (Japan), CEBAF (USA), INFN (Legnaro, Italy).
- Cryostat, cryogenic-system
Grumman, USA,

CERN
- RFQ-accelerator

-

Grumman, USA,
LANL, USA,

ANL, USA.

- Permanent magnet quadruple lenses

-

Grumman, USA,
LANL, USA,
JAERI, Japan.

- High- intensity ion sources

-

LANL, USA
RAL - Rutherford Lab.

- Beam loses, halo, emittance increase (research and suppression) - LANL, USA,
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Maryland University,
GSI, Germany.
3. ITEP Neutron Generator Prototype of fuel-scale electro-nuclear plant (Linac+Target+HWR).
Present - readiness is -50%. Purchasing of modulators, finishing of construction and then

participation
in experiments on NG Complex
r
r
r

_
TO.
- Grumman,T
USA,
LANL, USA,
JAERI, Japan.

4. Calculation and analysis of target characteristics (isotope concentration long-lived activity etc)
for Pb and Pb-Bi (and other alternative materials if necessary) targets irradiated by high energy
proton beams using various computer codes;
- Testing of available input data (cross sections for spallation reactions and fission decay
properties etc.) necessary for calculations, development of nuclear data base;
- Comparison between cat calculation results using various codes for standard spectra standard
thermonuclear reactor spectrum here many results are available;
-Work out the recommendations for various hybrid systems - LANL, USA,
JAERI, Japan,
PSI, Switzerland.
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D.4.2. ITEP CONCEPT OF THE USE OF ELECTRO-NUCLEAR FACILITIES IN THE
ATOMIC POWER INDUSTRY
I. Chuvillo and Genadji Kiselev

Institute for Theoretical and Experimental Physics, 117259 Moscow, Russian Federation
D.4.2.1. INTRODUCTION.

In the last few years specialists from Russian and foreign research centers have been conducting
conceptual investigations into the use of electro-nuclear facilities (ENFs) or Accelerator Driven Systems
(ADS) in the atomic power industry. The ADS consists of a subcritical core (blanket), a neutron producing
target and a charged particle accelerator.
The main goals of the ADSs are:
• To minimize the problems with radioactive waste that exist in the atomic industry and atomic
power industry.
• Improvement of the environment.
• Provision of the conditions necessary for public acceptance of atomic power.
There are two important problems in the modem atomic power industry: the safety of NPP's and the
large amount of high level radioactive waste (HLW). The safety problem of existing nuclear power plants
(NPPs) is being solved through evolutionary improvement of control and protection systems (CPS). An

increase in safety is effected by using the inherent features of self-protection, passive safety systems,
"in-depth protection" principles, etc.
In most countries, including Russia, the main strategy of HLW management is surface burial in
solidified form with further geological disposal.
In accordance with the "Concept of development of the atomic power industry in the Russian
Federation" [1] a transfer to the closed nuclear fuel cycle (MFC) is being planned (at the present time a
partially closed nuclear fuel cycle is implemented in Russia). In this case technically justified solutions for
safe management of long-lived radioactive waste (LLRW) are required. Furthermore, other problems of
equal importance in the atomic power industry should be kept in mind:
1) Storage of large amounts of spent nuclear fuel (SNF) from NPPs.
2) Storage of large amounts of depleted Uranium which has no application at the present time.
3) The large amount of highly enriched Uranium being released as a result of nuclear disarmament.
4) Large amounts of the weapon-grade and power (commercial) Plutonium.
5) The need to extend the fuel basis of the atomic power industry after 2010 in the case of further
development.
6) Reduction in environmental effects.
7) Non proliferation problems associated with processing of weapons-grade Plutonium, its storage and
the possibility of its use as nuclear fuel.
8) Economics.
As will be discussed later, ADSs could provide solutions to all the problems listed above in an
integrated way whereas advanced power reactors could only partially solve the problems indicated.
The complexity of the solutions to the above problems requires the combination of the efforts of
specialists from Russian institutes and foreign centers.
The following Russian institutes participate in the work dealing with the use of ADSs:
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-

State Scientific Center (SSC) Institute of Theoretical and Experimental Physics (ITEP),
Moscow

SSC Institute of Experimental Physics, Arzamas-16
-

SSC Institute of Technical Physics, Chelyabinsk-70
Russian Research Institute for Inorganic Materials (RRIIM) named after A.A. Bochvar,
Moscow

Scientific Production Association Radium Institute (SPA RI) named after V.G. Khlopin, S.
Petersburg
-

SSC Physics and Power Institute (SSC PPI), Obninsk
Special Design Bureau for Machine Building (SDBMB), N.Novgorod
Research and Design Institute for Power Technology (RDIPT), S. Petersburg

- Moscow Radiotechnical Institute, Moscow
Design Bureau Hydropress (Podolsk, Moscow Region)
Moscow Engineering Physics Institute (MEPI), Moscow
Joint Institute for Nuclear Research (JINR), Dubna.
D.4.2.2. POSSIBLE SCHEMES FOR FUTURE DEVELOPMENT OF THE ATOMIC POWER
INDUSTRY
The need to solve the problems indicated in the Introduction is determined by the prospects for
development of the atomic power industry both worldwide and in Russia. Possible scenarios for the future
development of the atomic power industry in Russia are:
1. The number of NPPs and their total electric power is kept constant over a long period of time.
2. The scale of NPP use will be increased compared to the existing level beginning at some point
in time, e.g. following an increase in industrial production.

3. The atomic power industry for certain objective and subjective reasons, will cease to exist after
a period of time.
It is quite obvious that the need for ADS development should be determined by the prospects for
development of the atomic power industry in Russia. It is difficult to predict right now which direction will
be chosen by the Russian atomic power industry for its further development. To answer the questions about
the need to develop ADS as an alternative to power reactors and the existing technologies of LLRW
management let us consider two mutually exclusive possibilities for the Russian atomic power industry (the
second and third possibilities mentioned above):

1. The Russian atomic power industry will begin to develop progressively with a certain rate of
commissioning of new capacities.
In accordance with the "Concept" the period from the year 2000 to 2010 should be marked by an
increase of capacity based on the new generation NPPs. Further development of full scale atomic

power after 2010 is anticipated. It is noted in the "Concept" that the main designs of the third
generation NPPs are improved NPPs with WWER-type reactors with a capacity of 1000 MWe and
about 630 MWe. Construction of 3 BN-800 fast reactors at the South Urals NPP is expected to be
completed.

In the case of further development of the atomic power industry the amount of LLRW will grow
progressively as NPPs are operated, as is shown in Fig. 1 curve 2 [2]. At the same time the adoption
of ADSs in the atomic power industry will permit reduction of the amount of LLRW by several
orders of magnitude compared with thermal (PWR) and fast (LMFBR) reactors. The NFCs for
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fissile and fertile materials and LLRW are possible as a development of the atomic power industry
for the period after 2010 as proposed by the present Concept.
2. The Russian atomic power industry ceases to exist at a certain time in the 21st century.
In the case of cessation of the atomic power industry it is essential to have the technology for safe
LLRW management including that associated with LLRW transmutation. Based on calculations
performed in ITEP would be sufficient for the atomic power industry to have no more than a few
(maybe one) ADS with optimum parameters for the purpose of transmutation of HLW generated
during operation of the military nuclear industry and the atomic power industry.

D.4.2.3. ITEP APPROACHES TO ADS DEVELOPMENT
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FIG. 1
The growth of the radioactivity for the long-lived wastes (LLRW) for the different nuclear
power systems (in liters of water required for waste dilution in order to reach the regulatory limits).

ADSs represent a new type of nuclear power facility which in the opinion of ITEP, should be
introduced into the atomic power industry in the 21st century. While conducting conceptual investigations
and developments of ADS the ITEP experts are guided by the following criteria:

1. It is expedient to use the positive experience available and the technical approaches verified in the
atomic power industry - the properties of inherent self-protection in particular, passive safety
systems, "in-depth protection" principles, etc. The main criterion in this case is the increase in ADS
nuclear and technical safety compared to NPP.
2 Experimental investigations should be conducted to substantiate the new technical approaches
proposed; first of all the ADS blanket is the most complex and important component for the
purpose of safety.
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3. Experimental work should be done on the nuclear data base primarily for the radionuclides to be
transmuted.

4. At the stage of conceptual investigations it is expedient to study various types of targets and
blankets with estimates of their possible implementation, determination of technical and
economical characteristics and then choose one version for further development.
5. The ADS operation should be performed with a positive power balance and decrease in
radiotoxiciry compared with the initial level.

6. The possibilities of ADS operation in combination with other improved power reactors, including
fast reactors, should be investigated at the stage of conceptual studies.
7. Studies on the place of ADS in the future of the atomic power industry should be conducted with
an estimation of the radiation load on operating staff and population
(this has not been done because of the lack of financing).
8. The technical requirements and ADS criteria should be formulated as the result of conceptual
investigations including:
- Minimization of the amount of LLRW in the various technological processing stages
of the future MFC.
- The possibility of useful application of some transuranic elements from the LLRW list.
- Power efficiency, i.e. the ratio of the useful power to consumed power.
- Environmental efficiency, i.e. the reduction in LLRW radiotoxicity under irradiation in
the ADS per unit of time.
D.4.2.4. PRINCIPLE POSSIBILITIES OF ADS

We shall indicate in the present section only the principle features of ADSs and the possibilities which
should be justified as the result of conceptual studies. These possibilities are presented on Fig. 2, page 328.
D.4.2.4.1. Safety
The available operating experience of the atomic power industry allows us to specify three kinds of
safety for nuclear facilities: nuclear, technical and radiation. Nuclear safety means the absence of conditions
for self-sustaining chain fission reactions (SCFR), with an effective multiplication coefficient above unity,
to develop.
Technical safety means the absence of conditions for core meltdown in non-stationary and emergency
modes, in the event of vessel damage, damage to pipelines or other equipment failures which could Lead
to dangerous consequences.
Radiation safety means the absence of conditions for increased radiation effects on operating staff
or the population during normal operation or in the event of an accident.
At the present level of knowledge the ADS permits:
- exclusion of the class of accidents associated with a change in reactivity (reactivity
margin); first of all, a power excursion of instantaneous neutrons in relation to the ADS
blanket operation in subcritical mode with a sufficient margin for the value of the
effective multiplication ratio with consideration for the feedback;
- to exclude in principle absorber rods in the emergency protection system as a possible
cause of potential accidents;
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- to use a new type of ADS passive emergency protection, without moving working heads
at accelerator de-energization, which makes it possible to increase the speed of response
several orders of magnitude compared to existing at the present time.

D.4.2.4.2. The use of NPP spent nuclear fuel as ADS fuel
ADS can use NPP spent nuclear fuel (SNF) as material for power generation, after its unloading from
the power reactor and without radiochemical reprocessing. Estimations performed in ITEP suggest that in
an ADS heavy-water blanket loaded with SNF from VVER-type reactors the specific power generation
could be increased approximately a factor of two compared with the level of bumup achieved at the present
time [3]. To implement this mode it is necessary to perform an analytical study of a particular blanket
design scheme with consideration of material problems.

D.4.2.4.3. The use of depleted Uranium in ADS
A large amount of Uranium with a 235U content of 0.25% or less is held in the stores of the Ministry
of Russian Federation on Atomic Energy. The depleted Uranium is a potential source of power because of
its transformation into Plutonium. The ADS could use the depleted Uranium as fertile material to produce
Plutonium fuel and power at the same time (7-10% of ^U is fissioned in a fast neutron spectrum) without
any limitations on content of the B8U. After the exhaustion of cheap natural Uranium resources in the future
depleted Uranium will probably a valuable fuel.
D.4.2.4.4. The use of highly enriched Uranium

As the result of nuclear disarmament a possibility emerges of using highly enriched (90%) Uranium
in the atomic power industry. It could be used either in the form of 90% Uranium dioxide or in the form
of isotopic diluted dioxide, e.g. with 4.4% enrichment for VVER-type reactors. 90% Uranium, without its
isotopic dilution, could be safely used in the ADS blanket for power generation and production of excess
neutrons. In doing so the load of 90% Uranium dioxide into the blanket could, in principle, be less than
the critical mass value. The excess neutrons are consumed for LLRW transmutation and production of new
fissile materials.
D.4.2.4.5. The use of weapons-grade and power Plutonium
The ADS can use weapons-grade and power Plutonium as a nuclear fuel for power generation and
production of excess neutrons which can be used for LLRW transmutation and production of new
fissionable materials. The involvement of Plutonium in the MFC will make it possible to expand
significantly the fuel basis of the atomic power industry.

D.4.2.4.6. The necessity to expand the fuel basis of the atomic power industry

One of the possibilities for expanding the fuel basis of the atomic power industry is the closure of the
nuclear fuel cycle. In doing so a set of problems emerge which have a pronounced effect on the NPP
nuclear fuel cycle and solutions are called for.
These are the following problems:
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236

U buildup in the SNF as multiple irradiation of regenerated Uranium takes place that will
require an increase in fuel enrichment,
generation and continued increase in the amount of 232U in the SNF as multiple irradiation of
the regenerated Uranium takes place, that requires remote technology for fuel element
manufacture starting from a certain cycle;

extraction of the reactor-grade Plutonium from the NPP SNF and the need to use it as a fuel,
with attendant problems (the need for remote technology for fuel element manufacture,
nonproliferation, etc.),
generation of a large amount of LLRW containing fission products and transuranium elements,
especially with aqueous methods of SNF reprocessing,
an increase in the amount of depleted Uranium with a low content of ^U (0.1 -0.2%).
Another way of extending of fuel basis of atomic power industry is to involve Thorium in the NFC
for the purpose of generating new nuclear fuel, namely 233U.

The problems indicated above could effectively be solved with the help of ADS, using previously
elaborated approaches and techniques proved in NPP operation.
A formulation of the future problem of the atomic power industry in supplying itself with fuel is
advisable. This could be solved not only through the use of fast reactors with breeding, but also by
utilization of ADSs for breeding purposes. One possible conceptual solution is the utilization of a
two-module ADS (a module consists of a target and a blanket) [4]. Depleted Uranium is loaded into the
blanket of one module to produce Plutonium. Plutonium and actinides produced in that module are
extracted from irradiated ^'U and directed into the power blanket to generate power and produce excess
neutrons which could be used for LLRW transmutation or production of the new nuclear fuel. Such a
two-module ADS will in principle permit implementation of ADS fuel self-supply.
D.4.2.4.7. Safe HLW management and environmental effects
The ADS can incinerate the main fission products except, for ^Sr,93Zr, 1MSm and transuranium
elements, by a process of transmutation. This is characterized by the following parameters:
1. necessary neutron flux;

2. neutron consumption per one incinerated nucleus;
3. secondary radioactivity;
4. radiotoxicity.
As the result of the transmutation process the amount of HLW and the period required for storage is
reduced as well as environmental effects.

D.4.2.4.8. Safeguards of fissionable materials and the problem of non-proliferation

The ADS makes new approaches available for preservation and non-proliferation of fissionable
materials, most importantly weapon-grade Plutonium in connection with possibilities for its denaturation.
The first technical possibility is irradiation of the mixture of Plutonium and fission products, e.g. Sr or Cs,
to complicate their theft during storage, with subsequent irradiation of this mixture in the ADS blanket. It
has been demonstrated that in this case no significant change in the ADS blanket reactivity takes place [5].
The second technical possibility is dilution of ^'Pu with 238Pu either by addition of 238Pu or by irradiation
of the 237Np and 239Pu mixture. At specific 238Pu content the mixture of ^'Pu + a9Pu is unsuitable for
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nuclear weapon manufacture. This possibility could be effectively implemented both in power reactors and
in ADSs.
D.4.2.4.9. Economics
The ADS is at first glance a more expensive facility than a power reactor. The capital investment in
ADS will be higher in connection with the accelerator and the target. The qualitative considerations,
however, demonstrate the high profitability and economic efficiency of the ADS in a systematic approach
rather than in comparison of individual facilities.
If we assume that a fast reactor of BN-800 type could transmute the minor actinides (MA) from 3
loads of WER-1000 reactors and its own, 7 BN-800 reactors with total power of 3.6 GWe are necessary
to destroy MA from the existing Russian NPPs [6]. According to our estimation the cost of one reactor is
nowadays appr. 2xl09 US$ i.e. appr. 14xl09 US$ are required for commissioning 7 BN-800 reactors.
One optimized ADS could in the limiting case transmute all the actinides from all NPPs existing in
Russia. If we assume that capital investment in an ADS is twice as large as that for a BN-800 reactor owing
to the accelerator and target, the amount is 4x109 US$. Moreover, it is necessary to commission 5
VVER-1000 reactors with a total capacity of 5 GW(e), and investment of appr. 5xl09 US$, to compensate
for the power generation by the BN-800 reactors. In this case the expense for LLRW transmutation with
the use of BN-800 reactor is 1.5-2.0 times higher than for ADS. For a final conclusion on the economic
efficiency of ADS, however, systematic investigations are necessary and these have not been yet performed.
The study of the possibilities for ADSs mentioned in the present section, and the place of ADSs in
the future plans of the nuclear power industry, are the main purposes of this conceptual study.
D.4.2.5. POSSIBLE OPERATION MODES AND FUEL CYCLES
The following ADS operation modes could be considered:
1. A transmutation mode without power utilization.
2. A transmutation mode with concurrent power generation and utilization.
3.

4.

A mode with power generation and utilization as well as production of new fissionable
materials and LLRW transmutation.
An after-bum mode for power generation with use of NPP spent fuel assemblies as nuclear
fuel.

The ADS can also serve as a high intensity neutron source for producing radionuclides with high
specific activity.
The ADS can have various fuel cycles depending upon the mode of operation. The following materials
could be used as fuel materials for transmutation modes: enriched Uranium, power and weapon-grade
Plutonium, actinides (in a mixture with Plutonium and without it), and 233U. Depleted Uranium and
Thorium could be used as fertile materials for the production of new fuel.
The possibility of implementing the following fuel cycles (FCs) in the ADS could be indicated:
1. The Uranium FC. In this version of the FC various Uranium fuels could be used in the
blanket: 90% enriched Uranium released as the result of nuclear disarmament; regenerated
Uranium produced after multiple irradiation and reprocessing cycles of the SNF with a high
content of actinides and fission products (FPs) could be loaded into the blanket in various
combinations and proportions for transmutation purposes. Depleted Uranium without any
restriction in content should be loaded into the blanket in Plutonium production mode. ^U
could also be used as a nuclear fuel in the ADS blanket.
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2.

3.

4.

The Plutonium FC. Plutonium fuel with different isotopic compositions: weapon -grade
Plutonium only, or power Plutonium only, or their mixture could be loaded into the blanket
in this version. Actinides and FPs could be loaded into the ADS blanket for transmutation
purposes. Depleted Uranium could be used for the purpose of nuclear fuel production in
the ADS blanket. Neptunium or Plutonium fuel could be used for the special purpose of
weapon-grade Plutonium denaturization.
The Uranium-Thorium and Plutonium-Thorium PCs. Enriched Uranium or Plutonium is
used as a nuclear fuel in these FC versions (Thorium is used as fertile material for n
purposes).
The actinide FC. In this version alternative actinides in various combinations with FPs are
used as a nuclear fuel in the ADS blanket for transmutation purposes.

The form of the fuel, fertile, and target materials has been a matter of interest. Two main alternatives
are possible for the application of fissionable fuel materials: a solid and a liquid form. Each alternative has
its own advantages and disadvantages. If the available experience in production of the nuclear fuel for
NPPs is kept in mind, it is advisable to chose dioxide fuel in Zirconium cladding. It will be a MOX-fuel
in the case of power or weapon-grade Plutonium. In recent years Russian experts have conducted
investigations on cermet and nitride fuels with increased burnup levels. In relation to the problem of non
proliferation, Plutonium fuel in an inert matrix may be of interest. However, in the case of 3-5% actinide
addition to the MOX-fuel, its radiation resistance should be experimentally verified; this requires
substantial expense and is time consuming.
Some research groups in LANL, JAERI and ITEP are conducting investigations on liquid fuel based
on fluoride molten salts of the type Li-BeF2-ThF4-PuF4.
The advantages of liquid fuel are the absence of radiation damage problems, the possibility of
breaking away from metallurgical production of fuel assemblies, a reduction in amount of FPs and
fissionable materials in the core, etc. The main objection in Russia against liquid fuel lies in the absence
of a technological basis for its implementation in the atomic power industry, rather complex technical
problems emerging in the reactor facility, etc. It could be argued that the problems of liquid fuel application
are somewhat in advance of needs of the atomic power industry at the present time. However, R&D should
be conducted on the prospects and possibilities for liquid fuel applications in ADSs in order to have a basis
for decision making.
The variety of operation modes and fuel cycles in ADSs mentioned above requires certain priorities
to be set in order to concentrate the small resources available into one or two R&D lines. For this purpose,
systematic investigations have to be pursued which have not been performed yet because of lack of funding.
However priorities in the fuel cycle development could be determined even now. The highest priority is
the ADS Plutonium cycle, where Plutonium is used as nuclear fuel, to generate power and excess neutrons
which in turn are directed toward transmutation of actinides and FPs. This could help solve the problems
of nuclear weapons non-proliferation and the production of new fissionable fuel.
This is explained by the availability of large stocks of power and weapon-grade Plutonium with a high
power potential and the need to prepare a technological basis for its safe use as a nuclear fuel in a future
atomic power industry. Hence the transmutation mode with power generation and the use of the
weapon-grade and power Plutonium, wherein a Plutonium FC with actinides and FPs is used as a target
material has priority in R&D.
The second priority is a Plutonium FC wherein the ADS operates in the mode of power generation
and Plutonium production from depleted Uranium. The priority of this mode and FC is explained by the
availability of large amounts of depleted Uranium in storage in the nuclear nations, including Russia. The
involvement of depleted Uranium makes it possible to increase nuclear fuel resources substantially as
resources of cheap natural Uranium become exhausted. All necessary technologies are available for this
version and have been verified on an industrial scale.
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The third priority is a Plutonium FC wherein the ADS operates in the mode of power generation and
U production from Thorium. However, the involvement of FC implies that the development of new
technologies will be necessary after all resources of natural Uranium have been exhausted.
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In accordance with the decision of the Scientific and Technical Council of the Russian Ministry for
Atomic Power, fast reactors are considered to be the main nuclear and power facilities for utilization of
Russian weapon-grade Plutonium. At the same time the RF Ministry of the Atomic Power Industry supports
the ADS development as an alternative line, keeping in mind the possibility of operating the ADS blanket
in a subcritical mode which increases the nuclear safety level in the event of its loading with weapon-grade
Plutonium.
D.4.2.6. PECULIARITIES OF THE TRANSMUTATION PROCESSES
The process of transmutation of FPs and actinides transmutation in neutron fluxes must has its own
peculiarities which must be taken into account in the development of ADS. The transformation of FPs is
performed mainly by (n,Y)-reactions through sequential capture of neutrons being transmuted by a nuclide
and formed by intermediate nuclides. The destruction of actinides occurs mainly through fission reactions.
Despite this difference the following LLRW transmutation processes are characterized by the following
parameters:

1.

Aj, the actinide destruction rate which is determined by the neutron flux density $ and a,, the
effective microscopic interaction cross-section.

2.

The process power efficiency which is determined by the value of the power spent for the
destruction of one nucleus of the nuclide being transmuted or by the number of neutrons spent
for the destruction of one nucleus.
The secondary radioactivity which is formed as a result of the transmutation of LLRW.
The value of the radiotoxicity of nuclides before and after the transmutation.

3.
4.

Investigation of the mentioned above features allows us to determine the list of nuclides which are
suitable for transmutation.
A short analysis of the features mentioned above is given below.

D.4.2.6.1 A^ destruction rate of the nuclide being transmuted
Since the value of A; is proportional to (Jxj; for FPs it will be higher for the higher <j> and q values. The
upper limit of <j> which can be reached with present-day knowledge and experience is probably in the range
of 7.xl015 - S.xlO16 n cm'V. The value of a, depends on the neutron spectrum. It is advisable to use a
thermal neutron spectrum for FP transmutation through (n,y) reactions where interaction cross-section
values are rather high. Actinide transmutation is possible both in thermal and fast neutron spectra. A
comparison has been performed of neutron cross-sections for actinides at comparable neutron fluxes in a
thermal blanket (1014 cm'V) and in a fast reactor (l^xlO^cm'V). As can be seen from the results given
in Tables I and II, the effective cross-section of actinides in a thermal spectrum is in most cases much
higher than for a fast reactor [7].

Specialists from ITEP and other institutes have estimated the value of the neutron flux density
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necessary for ^Sr and l37Cs [8] incineration. For
^Sr separation the capture cross-section value is
for o= 0.014 [9] or 0.0097 [10] bam according to
the latest data. According to older data it was
believed that o=0.8 ± 0.5 [11]. If we are adhere
to contemporary data and believe that o=0.01,
then a neutron flux of 7.6xl0 ls cm'^s"1 is
required for the ^Sr transmutation rate to be
equal to its radioactive decay rate 0^=28.8
years). In this case the "half-destruction period"
will be half of the half life, i.e. 15 years. Higher
flux densities (more than 1017 cm"2-s'') would be
required for more rapid destruction. Even though
such flux densities could be achieved in the
ADS, it is unlikely that this will be economically
justified.
For 137Cs 0=0.11 barn [12] or 0.25 bam
[13]. For the transmutation rate to be equal to the
radioactive decay rate (Tw=30 years) a flux
density of 6.7xl015 or 2.9xl015 cnV2-s° is
accordingly necessary which is achievable in
modern reactors. In this case the "half-destruction
period" will be 15 years. Flux densities higher
than 1016 n cm'V are required for more rapid
destruction of l37Cs. It should be kept in mind
that the radiotoxicity of %Sr is significantly (37
times) higher than that of l37Cs (the maximum
permissible concentration of "'Sr in water is 4.0xlO'10 Ci/1, and that of l37Cs is ' 5xlO'8 Ci/l).

TABLE I. EFFECTIVE CROSS-SECTIONS AND THE
NUMBER OF NEUTRONS PER FISSION FOR THE
FAST REACTOR.
(oc - cross section for capture, o f - Cross section for
fission, a, - cross section for absorption, v - number of
neutrons per fission.)__________________
Nuclide,
V
oa
Of
Oc
I
(bam)
(bam)
(barn)
(n /fis.)
07
0.3
1.4
1.7
Np
2.9
238
Pu
0.5
1.1
3.0
1.6
239
Pu
0.5
2.3
2.9
1.8
240^
0.4
0.5
0.9
3.1
^'Pu
0.4
2.4
2.8
3.0
M2
Pu
0.4
0.3
0.7
3.0
^'Am
1.7
0.3
2
3.4
Mta
0.4
3.2
Am
3.6
3.2
243
Am
1.0
0.2
3.6
1.2
0.288
0.185
™Cm
0.473
3.5
M
0.3
2.6
Cm
2.9
3.8
^Cm
.4
1
0.6
3.5
MS
0.4
2.8
Cm
3.2
3.8
^Cm
0.77
0.47
1.24
3.5

D.4.2.6.2. Transmutation process efficiency
It is quite obvious that the power consumption required for HLW destruction should be substantially
less than the amount of power generated by NPPs. According to investigations carried out by specialists
from the Moscow Engineering Physics Institute the FP transmutation process is effective if the power
consumed for transmutation is appr. 30% of that generated in the NPP [14]. It is obvious that the power
balance in actinide incineration is positive. The power consumption for HLW transmutation could only be
determined after development of a particular ADS design. Therefore such a characteristic as R;, the
consumption of neutrons necessary to incinerate one FP nucleus, could be used to estimate the power
consumption. The calculation results for Rj are tabulated in Table in [15]. It is evident from Table ffl that
a considerable number of neutrons is required for transmutation of 93Zr and 151Sm. This demonstrates that
their incineration in a neutron flux is ineffective from the power viewpoint. At the same time it is advisable
to state the problem of their recycling in the NFC, for example l5'Sm is an absorbing material in the CPS
rods. The transmutation of the other radionuclides listed in Table IV is energetically advisable.
D.4.2.6.3. Secondary radioactivity under transmutation

The process of neutron generation for transmutation is accompanied by electric power consumption
from an external source for the accelerator supply. If we believe that this electric power is generated in the
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TABLE H. EFFECTIVE CROSS-SECTIONS AND THE
NUMBER OF NEUTRONS PER FISSION FOR THERMAL
REACTORS.
OV - half-life, oc - cross section for capture, of - cross section for
fission, oa - cross section for absorption, v - number of neutrons per
fission.)_______________________________
V
Nuclide,
Of
oa
T,fl
oc
I
(years) (bam)
(barn)
(barn)
(n/fis.)
6
237
203.4
Np
2.14xl0
0.706
204.11
2.25
238
62.
Np
2.8
2. 12 days
1773.
1835
239
Np
67.5
2.36 days 67.5
08
87.71
433.
17.1
450.1
2.9
Pu
239
Pu
2.41x10" 268.
666.
934
2.877
240
Pu
1050.
6569
0.93
1050.9
M1
Pu
14.35
316.
2.937
910.
1226
5
242pu
3.76xl0
126.
0.7
126.7
243
97.
Pu
4.96 hrs
213.
310
241
Am
432.6
540.
3.21
4.01
544.01
M
16.1 hrs
1725.
1725.
3.26
*Am
141
1637.
6372.
8009
3.26
""•Am
243
Am
243.
7348.
244.16
1.16
244
Am
1856.
10.1 hrs
1856.
244,nAm
26. min
1291
1291
M2
Cm
23.
27
161. days
<4.
243
Cm
657.
784
28.5
127.
3.43
^Cm
18.1
77.2
2.63
79.83
^Cm
8500.
292.
2027
3.717
1735.
13.1
4700.
1.13
14.23
"•Cm
247
Cm
1560.
99.
241
142.
5
MI
3.4xl0
29.1
1.8
31.
Cm
64.15 min 1.3
"'Cm
1.3
995
995
""Bk
329 days

NPP, then neutrons are produced as
the result of fission reactions of the
nuclear fuel in the reactor of the NPP
which energizes the accelerator,
Moreover,
nuclear
reactions
generating neutrons also occur in the
blanket of the ADS itself. Hence the
transmutation process, i.e. the process
of destruction one radioactivity unit is
accompanied by generation of FPs,
that is secondary radioactivity.
Because in the first 100 years after
unloading of the NPP's spent nuclear
fuel (SNF) its activity will be
determined to appr. 90% by activity of
^Sr and 137Cs, the secondary activity is
mainly
the activity
of the
medium-lived nuclides - ^Sr and
137
Cs. The calculations of the
secondary activity performed by ITEP
specialists show that, with the
elimination of all primary activity of
the FPs (except for ^Sr and 137Cs),
secondary radioactivity is generated
which accounts for 10-12% of the
radioactivity (see Table IV) [15]. In
the event of elimination of 100% of
the primary activity, including ^Sr and
137
Cs, the secondary activity generated
is equal to 40% of the ^Sr and 137Cs
primary activity. This result can be
interpreted in the following way. First,
the long-lived activity is transformed
to medium-lived with the help of an
ADS. Second, we have to pay for this
with the generation of an additional
10-12% of secondary activity of the
medium-lived ^Sr
and 137Cs
radionuclides (Tw up to 30 years).
This is a very important result. It follows that with the use of an ADS all long-lived FPs (except ^Sr) could
be destroyed.
D.4.2.6.4. Radiotoricity

The main radiobiological hazard is actinides with long half lives.
Taking into consideration the high radiation hazard of actinides a comparison of the radiotoxicity has
been performed for fuel loads of the ADS thermal and fast blankets [7]. For the comparison to be
representative a stationary operation mode has been chosen with continuous nuclear fuel replenishment
such that the change in concentration of nuclides in the next cycle is the same as for the previous one. The
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effective neutron flux density for the fast reactor was
assumed to be equal to 1.2xl016 cm"2-s"'; the effective
cross-sections are b'sted in Table I. In Table n the
cross-sections are listed for a thermal blanket and the
effective neutron flux density averaged over a
Maxwellian neutron spectrum was assumed to be equal
to 5.xl015 cnV2-s"'. The results of the calculations are
tabulated in Tables V, VI and VH The following
conclusions could be reached:

1.

The equilibrium mass of all actinides in the
fast reactor stationary mode is 40 times
higher than in the thermal blanket.
The main contributions to the actinides mass
are made by: B7Np (18%), ""Pu (26%),
'"Am (15%), "'Cm (4%) and ^Cm (9%) in
the fast reactor and

2.

TABLE m. NEUTRON CONSUMPTION FOR
FP's TRANSMUTATION
Nuclide, I T1/2 (years)
oc
R,
^Sr
28.8
5.94xlO'2
2
l37
2
Cs
30.17
6.23x1 0'
3
15l
3
Sm
93
4.16xlO'
30-250
99
5
2
Tc
2.14xl0 6.15X10'
1.15-1.5
6
93
2
Zr
1.5xl0
6.35xlO'
150
126
5
4
Sn
l.OxlO
5.72xlO'
79
4
Se
6.5xl0
4.49x10-"
1.5
135
6
2
Cs
3.3xl0
6.55xlO'
107
6
3
Pd
6.5xl0
1.42xlO'
7
3
,29j
1.6xl0
7.68xlO'
2

^Np (15%), 23Pu (2.9%), ^Am (4.9%),
Cm (37%), ^Cm (16%) and ^Cm (13%)
in the thermal blanket.
M2

TABLE IV. SECONDARY RADIOACTIVITY IN INCINERATION OF NUCLIDES CONTAINED IN
1 TONNE OF THE WER-1000 SPENT NUCLEAR FUEL

Nuclide I

m,, g/t

m.Q/0', Ci/t

m.Q/2), Ci/t

niiQ,'2', Ci/t

^Sr

678

9.4x1 04

2.2x1 04

4.3x10"

137

Cs

1460

1.3xl05

4.8x10"

9.1xl04

15I

Sm

14.9

405

4.5xl0 3 -2.2xl0 4

(0.7 - .75)xl04

"Mo

950

16-2

2.0x1 06

4.0xl06

93

907

2.3

125

Sn

22.4

0.64

79

Se

5.9

0.41

165

320

135

Cs

422

0.486

,07pd

254

0.13

,29j

220

0.039

5.xl03

9.7xl03

2.4xl05

9.2x1 04

1.7xl05

Zr

Total without Zr, Sm

Total without Zr, Sm, Cs, Sr
(2.1-2.7)xl04
Note: The secondary radioactivity m.Q, is caused basically by Sr and Sr

(4.1-5. 1)xl04

3.

The long-lived activity of actinides in the fast reactor is 40 times higher than in the thermal
blanket. The long-lived activity in the fast reactor is 34% due to 238Pu and 54% to ^Cm and is
90% due to ^Cm in the thermal blanket.

4.

T,, the value of the radiotoxicity for long-lived actinides in the fast reactor is 100 times higher
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than in the ADS thermal blanket. The value TIAc corresponding to a stationary amount of
long-lived actinides in the fast reactor is 33 times higher than the TI^ for its own annual
replenishment. For the thermal blanket the TIAc is 3 times less than TIAc for the annual
replenishment. These results demonstrate the ecological hazard of actinide transmutation in fast
reactors and the advantages of the ADS thermal blanket.

(Note: the above results have been obtained without considering the change in radiotoxicity of actinides
during SNF radiochemical processing because of irreversible losses).
The analytical mentioned studies made it possible to chose FPs and actinides for transmutation. With
consideration of the above mentioned characteristics, and talcing into account conclusions made in the work
performed by RRDEPT and the Radium Institute [16], it is advisable to transmute the following FPs and
transuranium elements: 14C, 79Se, "Tc,107Pd, 125Sn, 129I, l35Cs and 137Cs (possibly during their isotopic
separation) and Np, Am and Cm using Plutonium for the generation of excess neutrons.
D.4.2.7. THE USE OF THE WEAPON- AND REACTOR-GRADE PLUTONIUM IN ADS.

The investigations carried out by ITEP and other institutions demonstrate that existing power reactors
and reactors under development are, despite the technical measures taken, are not guaranteed free from
accidents such as those dealing with reactivity (accidents with a change in the core reactivity). The
probability of an accident associated with reactivity increases when Plutonium fuel is used in thermal
reactors because a decline in the safety parameters occurs. According to calculations performed by
specialists from the Physical Power Institute RSC (Obninsk) for example the temperature and power
coefficients of reactivity are increased in the VVER-500 reactor when MOX-fuel is used (4.8% and 2.7%
instead of 3.6% and 2.1% respectively),the keff value is decreased (from 6.0xlO'3 to 4.4xlO"3 ) with a
condition that the efficiency of the operating groups of the CPS rods is decreased by a factor of 1.3 [17].
The addition of actinides to Plutonium fuel results in a degradation of the safety features of fast
breeders. These features of Plutonium, especially of weapons-grade, require special approach for using
Plutonium as a nuclear fuel for the atomic power industry. In the ITEP specialists opinion an ADS
operation with a subcritical blanket permits us to exclude accidents associated with reactivity, firstly
accidents such as reactor runaway on prompt neutrons. The ADS safety level could therefore be in principle
substantially higher than that of power reactors with a critical core. This fundamental advantage gives
grounds for using weapon-grade and power Plutonium as nuclear fuel for power generation and excess
neutrons production in an ADS.
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D.43. PHYSICAL FEATURES AND PERFORMANCE ACCELERATOR DRIVEN SYSTEMS
(ADSs)

D.4.3.1. PHYSICAL FEATURES

D.4.3.1.1. Target
The ADS target principally transforms the energy of charged particles taken from an accelerator into
the energy of neutrons produced by reaction with the target nuclei. The following factors have a significant
effect on the efficiency of this transformation process:
1. The type, energy and intensity of the charged particle flux.

2. The possibility of developing a charged particle accelerator with specified parameters and
minimum possible losses of charged particles in the acceleration process.
3. The target material.
4. The possibility to remove the heat generated in the target as a result of charged particle interaction
with target nuclei.

5. Economic characteristics.

At the same time there is a simple criterion which can be used in considering items 1 and 2, that is n/p,
the number of neutrons generated per proton interacting with the target nuclei.
The general requirement on ADS power efficiency has also been taken into consideration in the analysis
of these factors. This requirement is related to the fact that ADS power consumption, especially in the
HLW transmutation regime, should not exceed 30% of the power generated in a NPP as was demonstrated
in studies conducted by specialists from the Moscow Physical Engineering Institute.
The following types of charged particles have been considered in ITEP during the conceptual study
as possible for use in ADS: protons, deuterons, and a particles. Analysis of the available data on the
neutron yield in spallation reactions of these particles at the same energy and with the same target material
shows that the value of n/p is 10-15% higher for deuterons than for protons and a particles. It should be
emphasized, however, that protons are preferable from the point of view of ensuring the required low level
of particle losses in the acceleration process. It should be noted that such particle losses will determine the
level of induced activity of accelerator structures and, consequently, the possibility of accelerator
maintenance without use of remote technology and devices.
The available experimental data testify that the proton energy range of 1.0-1.5 GeV is preferable from
the point of view of increasing the neutron yield in spallation reactions. A proton energy equal to 800
MeV has been chosen for an ADS demonstration facility bearing in mind the experience with development
and operation of linear accelerators in LANL (USA) and the Institute of Nuclear Physics (Troitsk, Russia).
To increase the neutron yield, i.e. the value of n/p, it is necessary to use materials with a large mass
number, for example, Plutonium, neptunium, Uranium, Thorium, Tungsten, Lead, and Bismuth, as target
materials. A significant (up to 50%) absorption of neutrons generated in spallation reactions is observed
in multiplication-type targets (made of such materials as Uranium, Thorium, neptunium, Plutonium)
according to calculations performed in various Russian research institutes. Therefore, it is inadvisable to
use targets made of fissile materials for ADS with target and blanket placed separately and designed for
purposes of HLW transmutation. Lead and Lead-bismuth eutectic have the lowest absorption of neutrons
generated in the target through spallation reactions.
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The yield of neutrons per proton, or n/p, is 35 at a proton energy of 1000 MeV for Lead [21].
Comparison of Lead and Lead-bismuth eutectic demonstrates that they could be used as target materials.
Lead, however, has some disadvantages: high melting temperature (327.44 °C), high coefficient of
temperature expansion (28.5xlO~6 K"1). Pb-Bi eutectic (56.5% Pb, 43.5%) have the following features:
melting temperature - 125 °C, a density of appr. 9.83 kg/m3, a low thermal expansion coefficient [22]. The
disadvantage of this eutectic is the production of 210Po in a neutron flux. Taking into consideration the
existing experience with application of Lead-bismuth eutectic in transport reactors it is advisable to accept
it as the target material in ADS because of the existing advantages of this coolant (low melting temperature,
high yield of neutrons per proton, mastered technology).

D.4.3.1.2. Types of fuel and associated fuel cycle technologies
Among fuel materials the oxides of Uranium, Plutonium, and their mixtures should first be noted. This
is because all actinides are alike in their chemical properties and oxide fuel materials are the most
advantageous for the production of fuel element cores with doping of minor actinides (MA) and fission
products (FPs). If MA could reside in solid solutions with the oxides of the fuel elements, then some
fragmented elements could form precipitates of excess oxide phases in the fuel matrix, or phases of more
complex composition, and some elements (elements of the platinum group, alkaline elements) could form
metallic precipitates. This, however, has little effect on the radiation resistance of the core. Oxides of
Uranium and Plutonium, even with a doping of several percent of americium, have demonstrated good
radiation resistance during their burnup at a level above 10% of the heavy atoms with fairly good economic
feasibility for production. A sufficient data base of operational data has been accumulated on dioxides of
Uranium, Plutonium, and their mixtures.
Fuel materials where the fissile component is distributed in an inert oxide matrix should also be
designated as oxide fuel materials. Such compositions were considered for the first time during an
assessment of the possibility of designing fast reactors with a core containing only Plutonium oxide and
with breeding occurring only in the reflector which surrounds the core. A range of materials could be
viewed as inert oxide diluents, including BeO, MgO, A12O3, ZrO2, CaO, La^, Nb2O5, SiO2, SrO, TiO,
V2O5, etc. The above mentioned set consists of rather high-melting and resistant oxides which have low
parasitic capture of neutrons. Compact pellets for clads could be manufactured from a powder made of
these materials mixed with an oxide powder of MA. Tentatively, the thermophysical features of the most
preferred oxides are given in Table IV.
TABLE IV. THERMOPHYSICAL FEATURES OF INERT MATRIX OXIDES

Material

Melting temperature, Thermal conductivity,
°C
W/mole°CaOOO°C)
MgO'
2825
7.5
ZrO2
2700
1.65
A1203
2050
SrO'
2650
CaO*
2600
= 3.0
Material interacts with water

Heat capacity,
kcal/mole °C
12.31
18.72
30.79
13.38
13.38

The selection of materials, the design and technology of fuel element manufacturing should be looked
at first of all from the viewpoint of economic feasibility of the whole closed fuel cycle. Reliability should
not be provided at any cost. One of the main requirements is for ease of radiochemical reprocessing. This
involves both cost assessments and environmental assessments. For example, the application of the fuel
composition in the form of nuclear fuel dispersions in a neutral aluminum matrix has a clear disadvantage.
Dissolution of the matrix material is necessary, and in spite of the low parasitic capture cross-section of
neutrons in aluminum this produces a great amount of liquid radioactive waste which must be concentrated
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and rendered harmless.

MA which are produced as matrix solid solutions with high thermodynamic characteristics are easily
introduced into mononitride fuel. Besides, the recovery of the mononitride fuel (or carbide) could be
performed using the technology of oxide fuel recovery (the PUREX-process) with the same equipment.
In doing so the process of nitride fuel dilution in nitric acid proceeds quiescently with great completeness
and a high rate. The above types of fuel allow rather economic manufacture of fuel elements and
radiochemical reprocessing without clad dissolution. With a guaranteed provision that the temperature on
the interface of the metallic fuel core, with metallic cladding of the fuel element, does not exceed 450500°C in any of the possible modes of ADS operation, it is quite possible to use metallic fuel.

At the present time hydrometallurgical methods for radiochemical reprocessing of spent fuel elements
are being industrially developed. They are based on the dissolution of SNF in nitric acid, with subsequent
extraction of the fissile component and waste reprocessing. It has been demonstrated that completion of
the radiochemical reprocessing of fuel elements by fractionation of radionuclides according to half lives
and radiotoxicity is economically and environmentally advisable, as well as from the viewpoint of
utilization of radioisotopes. In this case the possibility of keeping MA and long-lived FPs not subject to
disposal for further transmutation can also be considered.
Although extraction technologies for actinide concentration permit a drastic reduction in the amount
of liquid radioactive waste, the problem of its further concentration, thickening, solidification, and water
purification exists. All these processes are power-intensive.

The possibilities for drastic reduction in the amount of water used are in the application of hightemperature methods of spent fuel element reprocessing. In the case of the use of power or weapon-grade
Plutonium as a material for production of fuel without oxygen (mononitride, monocarbide) it is advisable
to use an electrochemical process for the recovery of irradiated fuel in melts.
Also of some interest are technological processes for crystallization of MA dioxides of mixed
composition from molten salts. Along this pathway the number of technological procedures in the cycle
of spent fuel element reprocessing could be significantly reduced.
D.4.3.2. PERFORMANCE OF THE ADS SYSTEMS

D.4.3.2.1. ADS schematic diagram
There are two alternative designs of the ADS: one with a horizontal (version A) and the other with a
vertical (version B) placement of the target and blanket (Fig.2). In accordance with an investigation
conducted by specialists from the Special Design Bureau of Machine Building (SDBMB) in Nizhny
Novgorod the vertical arrangement of target and blanket is preferable [18]. The use of one, two or more
ADS modules operating from one accelerator is possible. The number of modules is determined by a
number of factors, the first being the end use of the ADS.

The choice of a vertical arrangement predetermines the need to rum the beam 90° which requires the
installation of a magnetic system. In the case when two or more modules are used it is necessary to divide
the proton beam from the accelerator into two or more beams. In this event it is necessary to provide for
the development and installation of the relevant device. Because a large amount of power is generated in
the target and blanket, systems for heat removal and power utilization should be provided in ADS.
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FIG.2 Closed fuel cycle at the nuclear power facility

D.4.3.2.2. The conceptual design of the blanket

Li the present concept the development of the blanket design has been performed along several lines
on the basis that heavy-water is used as coolant and moderator. The choice of heavy water is explained by
the possibility of having significant irradiated space for placement of the target and fertile materials. Below
a description is given of alternative conceptual blanket designs proposed by ITEP:
1. A blanket design with solid fuel.
2. A blanket design with liquid fuel and a modular (channel) blanket.
3. A design with liquid fuel and a homogeneous blanket.
In the solid fuel alternative a MOX-fuel or a Plutonium fuel without natural or depleted Uranium in
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an inert matrix is considered. In this version targets and fertile materials could be used in a solid and liquid

state located either in technological channels or in special loops. It should be emphasized that the solid fuel
version is based on verified technical approaches which increase the possibility of its implementation. At
the same time repeat radiochemical reprocessing of the SNF is necessary because of restrictions on the
value of fuel burnup, which increases irretrievable losses during reprocessing.
In the second version the main units of the modular ADS are liquid fuel assemblies placed in the form
of a channel array in the heavy-water moderator of the ADS proposed by ITEP specialists V.D. Kazaritsky,

B.P. Kochurov and V.R. Mladov [19]. The design of the liquid-fuel heat generating assembly is shown in
Fig.3 . As can be seen from Fig. 3 there are two circuits inside a channel: the fuel circuit (the solution or
suspension of Plutonium dioxide in heavy water) and a circuit of heavy-water coolant under pressure. The
coolant is circulated in the channel
a

'

and leaves the blanket for chemical
reprocessing only. Part of the fuel is
continuously
directed
to
reprocessing, is fractionated and
actinides are returned into the fuel
circuit; the remainder is subject to
further reprocessing, fractionation,

b)

storage, transmutation and disposal.
In the third version the blanket

is a cylinder with a liquid metal
target placed on the blanket axis and
filled with liquid fuel in the form of
a solution or suspension of MA in
heavy water. A heat exchanger for
heat removal is placed directly
above the blanket so that the time
that liquid fuel stays outside the
irradiation zone is minimized.
Maintaining
the concentration of
FIG. 3 A conceptual scheme of the accelerator-driven system, a)
horizontal target system; b) vertical target system. 1 - linac, 2 - actinides at a level of appr. 10 g/1,
the lack of constructional materials
target, 3 - blanket, 4 - energy transformation system.
in the blanket and continuous
purification from FPs makes it
possible to provide a thermal neutron flux, averaged over the blanket, exceeding 1015 neutron/cm2 s and
to operate without nuclear fuel replenishment (or with small additions of Plutonium). One such facility
proposed by B.R. Bergelson and S.A. Balyuk permits the destruction of actinide radioactivity generated
by several tens of VVER-1000 power reactors.

Some performance data for these versions of blanket operation are given in Tables V, VI, VII.
D.4.3

J.3 The conceptual target design

ITEP specialists, together with specialists from the Physics Power Institute (Obninsk, Russia) and the
Special Design Bureau for Machine Building (Nizhny Novgorod, Russia) are now studying two types of
targets:

- a solid target made of tungsten and other materials for low values of the proton current (up to 30 mA);
- a solid target made of tungsten and other materials for low values of the proton current (up to 30 mA);

- a liquid target made of Lead or Lead-bismuth eutectic for high values of the proton current.
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TABLE V. ADS BLANKET PERFORMANCE
DATA FOR WEAPON-GRADE Pu.
ENR thermal power
2200 MW

TABLE VI. ADS MAIN PERFORMANCE DATA
FOR 237Np TRANSMUTATION
ACCELERATOR

ENR electrical power

680 MW

proton energy

1.6GeV

Linac electrical power

100 MW

proton current

0.3 A

Coolant pressure

lOMPa

Coolant temperature:
input
output

226°C
310°C

Number of linacs

1

TARGET

Number of target and blanket

modules

2

Proton beam power

30-60 MW

Proton energy

800 MeV

Proton current

28mA

Target:
material (solid target)
cylinder size

CuorW
3000x6000 mm2

inner diameter

0.38m

material

Pb

proton to neutron
conversion ratio

50 n/proton

neutron source intensity

9.36x10" n/s

BLANKET

thermal power

1.8GW

core height

2.5m
2.12m

Neutron source intensity

3xl0 n/s

diameter of the core with
Np

Power density in target

30 MW

multiplication factor, k

0.572-0.598

Multiplication factor, k

0.97

thermal neutron flux

3xlO l5 n/cm 2 -s

Blanket power

1100MW

Np incineration rate

484.6 kg/a

18

Mode of the fuel replenishment continuous
Number of channels in blanket

380

Lattice pitch

280mm

Weapon-grade Plutonium
consumption

850 kg/a

There are two important problems related to normal operation of the target:

- the permissible target power with consideration for the need to divide and expand the proton beam;
- the possibility to operate without a separating membrane ("window") so as to exclude losses of
protons and the need for removal of the membrane in the process of ADS operation.
D.4.3.3. LINAC [23]

The proton linear accelerator has been selected on the basis of a set of considerations. Among these
are:
- the high level of scientific and technical R & D based on new methods of charged particle acceleration
(RFQ - radio frequency quadrupole) which have been developed and verified at ITEP and have been
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TABLE VH. PERFORMANCE OF THE ADS
MODULES___________________
TARGET

Pb

material

widely used in modem accelerators in various
countries worldwide;
spallation reactions in the target;
- the possibility to achieve a low value of
proton losses at a high beam density.

Inner tube radius

5.42/5.0 cm

- the high efficiency of medium energy
protons (1000 - 1500 MeV) for neutron
generation because of
The
linear
accelerator consists of 3 parts: initial,
intermediate, and final (see Fig. 3). The
initial part is an electrostatic generator with
a voltage level less than 100 kV and an
accelerator with a RFQ and a proton energy
equal to 3 - 5 MeV. The intermediate part is
an Alvarez accelerator (a Drift Tube Linac,
DTL) to accelerate protons from the initial
energy up to 100-150 MeV. The final part

outer tube radius

6.23/5.81 cm

provides acceleration of protons to an

BLANKET
height

2.5m

diameter (with reflector) 5 m
type of assemblies

CANDU with
pressure tubes

number of assemblies

250

pressure tube size:

pitch (hexagonal lattice) 23.8 cm
tube material

Zr-Nb
D2O with
dissolved nitrite
salts, Tc, Th

moderator

energy of 1.5 GeV using disk and washer
or DAW-structures.

The selection of operational frequencies for
RFQ, DTL, and DAW should provide a margin
for channel throughput necessary from
considerations of radiation safety. An optimum
relation should be found, however, since the
rise in throughput, which requires a decrease in
operational frequencies is accompanied by a
sharp increase in geometric size and the weight
of resonators, the area of the working surfaces

Module thermal power

1800MW

Module electric power

600 MW

ADS life cycle

30 years

and losses of RF power in the copper, i.e. a

Pu initial load in each
module

305kg

sharp rise in the cost of construction and

Subcriticality level

0.97-0.98

Pu consumption in 30 years

100 tonnes

233

U production in 30 years

Transmutation of "Tc,

129

I,

and partially Sm from ADS

78 tonnes

operation. The selection of the transition energy
from one structure to another should also be
optimized.
The Moscow Radio Technics Institute has

also proposed another design for the initial part
of the accelerator with focusing which uses a

superconducting solenoid. This is supposedly
possible, although practical implementation
will require the solution of a variety of complex
technical problems (thermal isolation of the
external superconducting solenoid and thermal

resonator, marginal effects, etc.).
The following part of the DTL is an Alvarez accelerator with drift tubes as studied comprehensively
on pulse accelerators. We must note that positioning of the focusing lenses in the narrow space of the drift

tubes seems to be a problem which is difficult to solve. Quadrupole lenses with rare-earth magnets (REMs)
provide the necessary focusing, have small overall dimensions, high operational frequency, and reduce the

RF power consumed. The radiation resistance of REM materials is insufficient compared to
electromagnetic lenses with mineral isolation of the windings, however, which could make one abandon
REM lenses, although this will increase the overall lens dimensions and the power consumed noticeably.
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As regards the final part of the accelerator, there are at least 3-4 types of resonators with the necessary
parameters. The first is the disk and washer (DAW) type proposed and developed by V.G. Andreev at
MRTI. The peculiarity of the structure proposed by V.G. Andreev is its lower sensitivity to drift in
geometric size (for example, under temperature deformation) and it is preferable in our opinion.
One of the possible circuits for a high current (up to 300 mA) linac is a design with one acceleration
channel proposed by ITEP. Detailed calculations confirm the possibility of constructing such a linac. A
characteristic feature of the proposed design is the reduction in the bunch phase extension at the transition
from one structure to another. The existing abrupt change (from 150 to 900 MHz, i.e. an increase by a
factor of 6) in the operational frequencies of the DTL and DAW sections gives rise to certain concerns. At
the present time other alternatives in the selection of operational frequencies are being considered at ITEP,
especially as we have already accumulated practical experience in operating 300 MHZ resonators.
The operation of the multiresonator linac can not be ensured without systems which maintain the
design parameters of the accelerating RF field within specified tolerances. Among such systems are:
- the field amplitude automatic control (AAC);
- the phase automatic control (PAC) between resonators;
- the master oscillators with quartz crystals;
- the multifunctional timer in the form of a specialized computer connected to simpler computers which
control processes in each technological system.

The great power of the accelerated beam and the hazard of radiation contamination of the linac
equipment determine the importance of developing a rigid hierarchy of command algorithms in all
interrelated automatic control systems which manipulate the operation mode of the machine.
The most complex part, from a technological point of view, is the RF power supply system, namely
its reliability and efficiency. The industrial facility should operate 75% of the total service time, that is
6,570 hrs per year with a reliability of no less than 85%, the reliability of the RF system in this case should
not be worse than 90%. In the 25% of the time planned for stops, all scheduled and unscheduled preventive
maintenance, as well as machine adjustment and tuning with and without beam should be carried out.
These requirements are very stringent, and to meet them new generating devices should be developed
which are optimized for the parameters specified by the design of the facility.
D.4.3.4. RESEARCH AND DEVELOPMENT
D.4.3.4.1. Technical problems of ADS development. New technologies

The blanket is the most complex unit in ADS. It is complex because it is desirable to provide a high
value of the thermal neutron flux exceeding 5xlO'5neutron/cm2 s. Therefore it is necessary, firstly, to find
a possibility of increasing the density of power generation in comparison with the value achieved in
existing power reactors, without a decrease in safety level. Secondly, it is essential to experimentally
substantiate the possibility of using a sectioned blanket [20] with a neutron valve without a decrease in
safety level. Thirdly, in the case of fuel and target in liquid form it is necessary to develop a technology
for removing undesirable impurities from the irradiated materials. It is also essential to substantiate the
radiation resistance of Plutonium fuel with the addition of minor actinides if such a version is to be
accepted. It is necessary to check the possibility of implementing ADS protection from a sudden loss of
the electric power supply or a break in the rods of the accident protection system.
In the case of a liquid target a problem emerges of developing the membrane ("window") which
divides the space used by the target and accelerator, it should have a minimum absorption of neutrons,
should be manufactured of heat-conducting material (or have cooling) and should be remotely replaceable
when a specified neutron fluence has been achieved. It is also advisable to investigate the possibility of
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using a separating membrane. It is a difficult problem. A technology for purification of the target material
should be developed. To provide an acceptable value of power generation in the target from interaction
with a proton beam, two complex technical problems should be solved:
1. Separation of the proton beam into several beams with lower intensity;

2. Expansion of the proton beam to the size needed.
Rather complex technical problems face the proton accelerator designers. One of these problems is
related to the development of a reliable RF-power supply for the accelerator. Existing 1 MW klystron
generators with an efficiency of 60-70% have a short service life and poor reliability. The second problem
is to guarantee the required level of proton losses at various stages of acceleration. In accordance with
calculations performed at ITEP by Prof. Kapchinsky the beam losses should be appr. 10'6 of the rated
value. Specialists at ITEP and other institutes dealing with these problems reason that existing technical
problems in ADS development could be solved, provided that the necessary finance and specialist effort
will be concentrated on them.
D.4.3.4.2. Need for ADS R&D

To justify the feasibility of ADS a set of experimental studies should be carried out to verify parameters
obtained analytically, as well as safety and reliability levels. The main design solutions should be verified
for the following systems and technologies:
- blanket;
- target;
- accelerator;
- control and protection system (CPS);
- technology of the rapid purification of fuel and target materials in a liquid state.

A large amount of work should be done to compile the necessary nuclear data bases. In accordance
with the decision of the Scientific and Technical Council of the Ministry of Atomic Power of the Russian
Federation a program of R&D has been set out for 1995-2000 which provides for R&D on both ADS and
fast reactors for incineration of actinides.

With regard to ADS the following experimental studies are included in this program:
1. Modeling of various alternative designs of the blanket with a subcritical assembly driven by a 36
MeV proton accelerator. For this purpose the program provides for the construction of an experimental
facility called the 'Transmutation Neutron Source" (TNS) using the building and biological shielding
of the heavy-water research reactor (HWR) existing at ITEP. Beryllium will probably be used as the
target material. The "Istra-36" experimental proton accelerator already exists at ITEP and when tested
at a pulse current of 200 mA, will also be used.

The main goals of the experimental facility are [24]:

- its application as a full-scale physical model of the blanket for a power transmutation facility;
- development and verification of the ADS control and protection system;
- fundamental investigations (values of constants for actinides and FPs from interaction of protons
with matter, production and use of ultracold neutrons, etc.).
The Transmutation Neutron Source will have the following parameters:
- proton energy, Ep = 36 MeV;
- proton pulse duration, Tp = 150 /^s;
- proton pulse current, Ip= 150 mA;
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- average proton current Ip = 0.5 /uA;
- proton pulse energy, Wp= 5.4 MW;

- intensity of the target fast neutron flux 1.5x10" s"1;
- keff of the starting blanket 0.95
- starting blanket power 25 kW;
- thermal neutron flux 1.5.1012 neutron/cm2 s;
- blanket load with BSU (90%) 2 kg.
The commissioning of this facility will be determined by the level of funding, which is insufficient
at present.
2. The study of heat deposition in various targets as the result of interaction with protons, investigations
of the yield of neutrons and gamma-quanta in spallation reactions and rates of reactions.
3. Investigation of the interaction cross-sections of protons and neutrons with FPs and actinides.
4. Analysis of the hydrodynamics of the liquid target models.
5. Experimental verification of certain accelerator units.
6. Analytical studies of the radiation load on population and operating staff during ADS service.
This work will permit the start of ADS design development not earlier than 1998. At the same time an
analysis of ADS feasibility and a site selection for construction of a demonstration facility will be
performed.
D.4.3.4.3. Engineering problems of materials

The selection of structural materials depends on the accepted design and the end use of the ADS.
Information is given below about possible technical approaches to the selection of structural materials for
various designs of the target and blanket.
1. Target materials

It was pointed out above that tungsten, Lead or Lead-bismuth eutectic could act as possible target
materials. The selection of the target material will be performed at the stage of conceptual studies. At the
present moment it is possible only to note the fact that experimental data on the radiation and thermal
behaviour of these materials under the prolonged effect of proton and neutron fluxes are unavailable
although they are rated in the radiation resistant class. Their behaviour should therefore be studied during
operation of the demonstration ADS.
The technology of Lead-bismuth eutectic has been mastered fairly well in relation to its use as a coolant
in the nuclear reactors of Russian submarines. As far as Lead is concerned as a target material, the
technology for its use has not been mastered.
Besides target material selection, the selection of construction materials for the target/blanket vessel
and the "separating" window between target space and accelerator should also be made in the period of
conceptual studies. At this stage austenitic stainless steels are targeted for use, characterized by a maximum
fluence of damaging neutrons of appr. 2-3 xlO 23 neutron/cm2. Preliminary data are available on the
possibility to increase this value. This means that a possibility for vessel and "window" replacement should
be provided in the ADS design.
2. Blanket materials

The selection of structural materials for the blanket is determined by the requirement to ensure high
radiation, thermal and corrosion resistance during operation. In the case of the solid-fuel design the
selection is facilitated by the fact that positive experience is available from the application of construction
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materials in nuclear power reactors of various types. Zirconium alloys and stainless steels are used in
reactors using water and liquid metals as coolants, and austinite and special steels are used for reactor
vessels. The only point which is unclear is the selection of the material for technological channels in the
case when liquid-phase target materials are used. For the design with liquid fuel in the form of Plutonium
or actinide salts dissolved in heavy water the selection will be performed at the stage of conceptual studies.
At the same time there are grounds for optimism on this point in relation to the experience available in
operation of equipment in radiochemical plants.
3. Problems associated with radiolysis

The problem of radiolitic generation of hydrogen is of fundamental importance for heavy-water designs
with a high neutron flux density. In this respect the problems of safety provision are also of great
importance.
Radiolysis of the coolant in pressurized water reactors is determined first of all by the specific character
of the reactor design, mode of operation, and water-chemical conditions in the first circuit: high
temperature (up to 600°K) means a considerable (up to 0.05 dm3kg"1) hydrogen concentration in the first
circuit water. The total decomposition reaction could be presented as
2H2O = 2H2 + O2
In this case the reaction is strongly displaced to the left even at hydrogen concentrations higher than
ZxlO^molekg.
For water homogeneous reactors the problem of radiolysis is the most serious. In these reactors all
fission energy is essentially released in water, with the major part in the form of kinetic energy of highly
ionizing fission fragments. The results of this are high yields of molecular products, radiolysis and
insignificant yields of radicals.

Heavy-water nuclear reactors, pool-type research reactors, and power reactors supplied with a deaerator can be fitted into the group of reactors with a renewed atmosphere. In some of these reactors the
water surface is continuously blown by an inert gas.
In the of nuclear power facilities with VVER-type reactors the hydrogen concentration, from 1.3xlO"3
to 2.8xlO"3 mole/dm3, is kept in stationary conditions in the circuit water. This guarantees virtually
complete suppression of radiolysis. Ammonia is used for maintaining such concentrations of hydrogen.
In this case its content in solution is kept in the range of 1.76xlO"3 to 3.5xlO"3 mole/dm3 respectively. About
one quarter of the ammonia is subjected to radiolytic decomposition; the yield of the ammonia
decomposition is proportional to the ratio of ammonia to hydrogen in the coolant. The effect of a high
concentration of hydrogen on this ratio depends on the competition between hydrogen and ammonia when
reaction with OH radical is in progress. The stationary ammonia concentration, once established, is
maintained through the use in the water purification system of a cationic exchanger in ammonia or
ammonia-potassium form which has superior buffer effect.

All kinds of conceptual approaches to the development of ADS and transmutation facilities wherein
the application of heavy-water media is anticipated are repeatedly hindered by the need to solve of the
radiolytic gas emission problems, which actually seen to be tractable on the basis of the results of targeted
investigations and reactor tests. It has been determined, in particular, that some materials dissolved in
heavy water containing, for example, ions of Copper, Nickel, Cobalt, Lead, etc. are capable of acting as
homogeneous catalysts for thermal combination of Deuterium and Oxygen. The effect of salts containing
bivalent Copper has been studied in most completely. The creation of a certain concentration of bivalent
copper in the heavy-water medium (solution of the fissionable radionuclide salt or suppression based on
fissionable radionuclides) at certain temperatures and pressure is capable of reducing radiolytic gas
emission practically to zero. In doing so, the concentration of Copper ions remains at the initial level
because there are no conditions for Copper restoration in the operational volume. This does not lead to a
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need for additional introduction of a Copper containing compound in the circuit and, which is more
important, does not establish conditions for metallic Copper deposition on the metalwork.

Corresponding analytical and pilot data demonstrate that the value of bivalent Copper concentration
necessary to suppress radiolytic gas emission depends, for a specific facility, upon the optimum
combination of the specific power density and temperature of the Deuterium partial pressure, via a system
whereby the concentration of the bivalent Copper and Deuterium dissolved in the aqueous medium would
be kept at a technically acceptable level.
With a concentration limit for bivalent Copper of < 0.1 mole/dm3 corresponding to the macroscopic
cross-section of 2.2X10"4 cm"1 and a technically acceptable concentration of Deuterium dissolved in the
heavy-water medium corresponding to a partial pressure of 1.0 MPa, the permissible specific power density
should not exceed a value of 20 kW/dm3 (at 5231C) or 130 kW/dm 3 (at 573 K) in the event of the
application of heavy-water salt solutions, and 100 kW/dm3 (at 523°K) or 260 kW/dm3 (at 573°K) in the
event of the application of heavy-water suspensions.

Taking into consideration the importance of the problem of radiolysis, as well as tritium build up in
heavy-water systems a R&D program is being developed to investigate this problem under real reactors
conditions.
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D.5. BROOKHAVEN NATIONAL LABORATORY ADS CONCEPTS (USA)
Hiroshi Takahashi

Brookhaven National Laboratory
Upton, New York, 11973.

Presently three types of accelerator driven system have been studied at BNL. The first is the accelerator
driven energy producer (ADEP) which is intended for energy production, incineration of minor actinides
(MA) and long-lived fission products (LLFP) using a small power accelerator like a segmented cyclotron
[1]. The second is the Phoenix concept [2] aimed at transmuting large amounts of MA and LLFP using a
high current linear accelerator. The third is the accelerator driven particle fuel transmutor (ADPF) [3] which
also transmutes the MA and LLFP at high rate by using a high neutron flux.

D.5.1. ACCELERATOR DRIVEN ENERGY PRODUCER (ADEP)
The ADEP concept is very close to the conventional Pu-fueled fast reactor which has been developed
by heavy investment over the last few decades. In contrast to the fast reactor, which is run in critical
conditions, ADEP runs in slightly subcritical conditions of krfpO.98-0.99 [4] by providing the small
spallation source created by the segmented cyclotron with a few mA current and 3 GeV energy protons.

The Pu-fueled fast reactor has a superior neutron economy compared to a thermal reactor; the r\ value
of Pu increases as the neutron spectrum becomes harder. However this results in a positive Na coolant void
coefficient, smaller Doppler coefficient, smaller delayed neutron fraction and short neutron life time. Thus
the operation of the reactor in critical condition requires very careful control [5].
By running this fast reactor even in a slightly subcritical condition these safety problems related to the
criticality, especially a sudden increase of the reactivity, become greatly alleviated. The flattening of core
geometry which is adopted in the fast reactor [6] for reducing the positive Na void coefficient is not
necessary and the solid core with D/H can be close to 1 so that the neutron economy is improved. Thus the
inventory of fissile material can be reduced, and the internal conversion from fissile or from MA material
to fissile material can be increased. This will lengthen the period for which the fuel can be burnt without
reprocessing, provided that the fuel can withstand radiation damage, or that the accumulation of fission
products does not affect the fuel's metallurgic properties. Consequently the superior neutron economy in
the subcritical reactor can be improved for transmuting LLFPs.

This reactor has Thorium oxide instead of Uranium oxide in the blanket region [7] and 233U produced
will be supplied to a light water reactor as fuel in place of 235U. This reduces the production of MA, and
due to the larger r\ value of 233U than 235U the inventory of fissile material required to start this fuel cycle
can be reduced by about 70% compared the ^U-fuel cycle.
The geometry of the ADEP is cylindrical as shown in Fig. 1. The proton beam is injected from the top
directly into the central target through a window.
The fuel composition in the ADEP core region is ^'Pu + 238U, and MA in the form of metal and oxide.
The composition of MA is the same as that coming out of the LWR reactor (see Tables I-VI). For
transmuting the LLFP such as "Tc and 129I, the moderator region is installed between the outer core and
the blanket region; these LLFP are transmuted by neutron capture. This installation of a moderator region
makes the positive Na void coefficient lower and a smaller core makes it negative. Since it also provides
a large Doppler coefficient and longer neutrons life-time, the safety of the reactor can be improved.
To increase the production of 233U, this moderator region can be filled with Thorium oxide.This makes
the Na void coefficient less positive without sacrificing the production of 233U. The production rate of fissile
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material and the transmutation rate of LLFP are shown together with the initial multiplication factor in
Table I.

Proton Bum
Primary
Coolant
Entrance

Fig. 1 The geometry ofADEP system.
TABLE I. MULTIPLICATION FACTOR, NEUTRON LIFE-TIME, PRODUCTION OF 239Pu & 233U.

TRANSMUTATION OF MA AND LLFP, AND INITIAL BREEDING RATIO OF VARIOUS
CONFIGURATIONS OF THE REACTOR

Multiplication Factor
Neutron life-time
CIO'8 s)
Uranium Blanket *
Thorium Blanket b

Thorium Blanket with
30% Th 70% YH1 in
moderator region d
Thorium Blanket
Core0
Thorium Blanket
5 w% MA in core d

1.0343 ±.0043
129.4
1.025431 ±.0011

134.56
1.02423 ±.0011
1.02060 ±.0011
1.00154 ±.0012
0.99649 ± .0012
0.9503 ± .0042

123.94
0.9808 ± .0042
123.49

Production of 2J9Pu & M3U
MA or LLFP
Transmutation (kg)
"'Pu 243.8
239

Pu 126.3

Initial Breeding
Ratio
0.96026
0.98544

233

U 137.9
Sum 264.2
239^

1.00723

233

U 265.5

1.0528

239

Pu 122.2
U 106.2

1.02716

M3

MA (cap.) 41.
MA (fiss.) 10.9
Thorium Blanket
"Tce

239

Pull2.7
0.698
U60.1
"Tc 34.7
239
0.7014
Thorium Blanket
1.002 ±.006
Pu 173.6
129
129
I34.4
I (30%)
462.18
1
Uranium-oxide (UO2) in core and blanket (BL), bThorium-oxide (ThOj) in BL, c ThO2 in core and
BL, d ThO2 in BL & 5 w% MA in core, e ThO2 in BL & "Tc with YH1 .7, f UO2 in BL & 129I (30%)
withYHl.7.

.9920 ±.00 12
353.77

B3
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TABLE H. SUBCRTTICAL CORE COMPOSITION AND DIMENSION
Subcritical core type ADEP (A)
ADEP (B)
ADEP (C)
ADEP (D)
ADEP (E)
____________________________________________Blanket
Material
composition
Fuel/Clad+struct./
Coolant

Pu+238U+MA

Pu+238U+MA

Pu+08U+MA

Nitrate Coated 232ThO2
Particle Fuel

Chemical form of
fuel

Solid oxide
fuel

Metal

Solid

Solid

Solid Oxide
blanket

Na

Pb

He

Na

Coolant

Na

Averaged fresh fuel PuO2+UO2+MA Pu+U+MA+Zr PuO2+UO2+MA
composition
U/Pu/MA/LLFP(%) 72/16/10/0
67/21/12/0
72/16/10/0
0/34/66/0
93% "Tc/
7%129I

93% "Tc/
7%129I

93% "Tc/
7%129I

93%"Tc/
7%129I

Core diameter (cm) 1 50.

130.

150.

130.

25. Thickness

Core height (cm)

130.

150.

150.

150.

Averaged
composition of
LLFP

93% "Tc/
7%12>I

150.

TABLE ffl. SPECIFICATION OF FUEL AND BLANKET ELEMENTS (ADEP.ADPF)
Pu -oxide
Na coolant (A)

Pu-metallic
Na coolant (B)

Pu -oxide
Pb coolant (C)

Th-oxide blanket
Na coolant (D)

Fuel pin diameter
(mm)

7.44

5.22

9.6

9.6

Clad thickness
(mm)

0.425

0.3

0.525

0.525

Fuel pellet
diameter (mm)

6.43

4.4

8.6

8.6

Wire spacer
diameter (mm)

1.43

1.22

2.0

2.0

Fuel smearing
density (%TD)

87.6

90.

87.6

87.6

TABLE IVa. Pu ISOTOPIC RATIO
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Pu

238

239

240

241

242

Oxide+Metallic

0

58

24

14

4

Particle Fuel

15.8 49.6 35.7 8.4

4.6

TABLE IVb. MA FRACTIONAL WEIGHT (%) SPECIFICATION
7

MA Nuclide

Oxide+Metallic
Particle Fuel

243

244,

Am

Np

Cm

53.6 23.1

0

17.4

0

5.9

56.7

0

11.8

0.3

5.0

26.2

TABLE V. TARGET COMPOSITION AND DIMENSION

Target

A

B*

C

D

Diameter (cm)

10.

10.

10.

7.

Height (cm)

100.

100.

100.

60.

Target material

Solid Pb

Liquid Pb

Molten Salt of
60%NaCl
40%MAC13

W

Coolant
PborNa"
Molten Salt
He
Pb
* Take out a few central fuel assemblies and use as the Pb coolant as the target
" The cooling material for a liquid target depend on the cooling material chosen for the core cooling
TABLE VI. REACTOR SPECIFICATION OF ADEP AND ADPF

Fuel Type

Pu and M8U oxide
fuel
Na coolant (A)

Pu and 238U
metallic fuel
Na coolant (B)

Pu oxide
Pb coolant (C)

Particle fuel (D)

Actinide
inventory (kg)

3000

2500

2700

2000

0.98-0.99

0.98-0.99

0.98-0.99

0.98-0.99

Mean neutron
energy (keV)

720

800

760

740

Neutron flux
(n crn'V)

4xl0 14

4.5x10"

4.5xl015

8.4xl015

Thermal and
electric power
(MW)

850
323

850
325

850
340

1000
370

Power density
(MW/m3)

700

850

700

3400

Linear power
density (kW/m)

51

53

53

77

keff
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D.5.2. PHOENIX CONCEPT [2]
The idea of a large-scale accelerator incinerator was studied by enlarging the early
Euratom-BNL-CERN concept using state-of-the-art technology [1]. The Phoenix concept consists of
modules of accelerator-driven subcritical lattices containing minor actinide fuel (see Fig. 2). Classical
fast-reactor technology is assumed, such as oxide fuel elements and sodium cooling. Each module
resembles the core of the Fast Flux Test Facility (FFTF) with a k^ = 0.9; however, from 1 to 8 target
modules are aligned in front of a 104 mA beam of 1.6GeV protons. The entire bank of reactor modules
serves as a target for a proton beam that is expanded before entering the core region. With these parameters,
eight modules would generate 3600 MWt. The target chamber as viewed from three perspective and fuel
assembly lattice based on FFTF oxide fuel are shown in Figures 3 and 4.
The study showed that after 2 years of operation at 73% capacity, the fuel reaches an average burn-up
of 8.6%, with an additional 12.7% converted to Plutonium. Using a 2-year cycle assures that most of the
Plutonium (> 83%) is a8Pu, which is valuable as a long-term remote source of power, and also reduces any
concerns about degradation in the fuel or in the structural steels. During the 2-year reprocessing step, the
Plutonium and fission products are replaced by new minor actinides from the LWRs. Plutonium that is not
useful for isotopic applications could be blended with the highly fissile Plutonium from the LWR waste
steam, so that the resulting mixture would contain enough ^'Pu and 236Pu to make weapon production
difficult.
Burn-up calculations were carried out for six two-year cycles; they reach equilibrium after two years,
and produce little 239Pu and only a modest amount of M2Pu. The fraction of 238Pu varies between 83% and
87% after each cycle. There is little variation of ^Np, but a noticeable increase of ^Am and ^'Am.
The combined neptunium and americium inventory decreases by about 2.6 Tones/a, with 1.33 tones/yr
being converted to Plutonium. Thus, one incinerator unit would transmute the minor actinide wastes from
about seventy three 1 GWe LWRs.
In this concept, a number of modules are irradiated by one high-current proton beam; the beam must
be spread significantly to reduce radiation damage and the steep power distribution. This necessitates a long

850 MW(electric)
410 MW(electric) to
Accelerator
Input per Year
2.6 tonnes of
Minor Actinides
580 kg Iodine

Steam
Generator
System

Output per Year
1.05 tonnes Fission Product
1.55 tonnes Plutonium
580 kg Xenon

Fig. 2 The PHOENIX concept (intermediate sodium system not shown)
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beam-spreading section and causes a large leakage of neutrons from the irradiated surface. To avoid this
shortcoming, the high current beam should be split into a number of small beams, and injected into a
number of small reactors so avoiding the inconvenience of a failure in the accelerator or in one module that
would stop the whole system.

Side View

Lattice
Sodium
Fission Product Targets

Moderator
Shielding
Connection

1 6-GeV Protons

BShieldi
Sm

Connection

Inlet Plenum (Stationary!

Fig. 3 PHOENIX target chamber from three perspectives
Clad ^^^^^^^

^^^^^.

Sodium

Wire Wrap
Outer Diameter = 0.142

cm

Pitch = 0.726 cm
Region
Void
Fuel

Gap
Clad

Material

Outer Diameter
(cm)

Gas
X-Oj

Gas
Stainless Steel HT-9

0.076
0.493

0 608
0 584

Pitch to Diameter = 1.243

Fuel Composition (X-Oj)
0.418

2J7

Np

0.478 '"Am

Assumed Fuel Properties Are Same as UOS.

0.086 '"Am
0017 '"Cm
0.001 "sCm

Fig. 4 PHOENIX lattice fuel pins based on FFTF oxide fuel.
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D.5.3. ACCELERATOR DRIVEN PARTICLE FUEL TRANSMUTER

To increase transmutation efficiency of the MA or LLFP, a high neutron flux is required and it can be
created by using a particle fuel [3]. Similar to liquid fuels, such as molten salt and slurry fuels, a particle
fuel that is directly cooled has several advantages over a regular, solid fuel. Particle fuel has an extremely
large heat-transfer area (of the order of 100 C nv/cm3), and the small size (less than 1 mm) of the particles
confers three major benefits:
1) very high power densities,
2) a small temperature difference between the fuel and coolant,
3) minimum thermal stress and shock in the fuel.

Thermal power densities in the packed bed can be 10MW/1 or more because of the large heat-transfer area.
Due to this large power density, this fuel is suitable for transmuting LLFP or MA at a high rate.

Loading and unloading of the particle fuel can be performed with high-pressure coolants. In the case
of an emergency, rapid unloading from the core can quickly lower the multiplication factor of the core
assembly. Also, dumping the particle fuel into a large pit of liquid coolant removes the decay heat from the
bumed fuel, so that it can reduce the risk associated with the melt-down of solid fuel by decay heat. This
problem of removing decay heat is more serious for regular rod-type solid fuel where decay heat is removed
by natural circulation of coolant liquid through the solid fuel components.
In contrast to liquid fuel, for the purpose heat removal the particle fuel can remain in the core where
it is irradiated by neutrons, so that the neutrons are effectively used for burning the fuel or transmuting the
MA or LLFP.
For liquid fuel, unless a heat exchanger is included in the core region, the fuel is circulated outside the
core and so the effective neutron flux for transmutation is reduced; also a larger inventory of fuel is needed.
To transmute the LLFP or MA quickly and more effectively, the transmuted products, which have a
large neutron-capture cross-section, should be removed as soon as they are produced. Thus, the neutrons
are not wasted as is the case when they remain in the reactor. If the cost of separating the transmuted FP
from the particle fuel is not great, the particle fuel can be taken out of the reactor core frequently, and these
products can be removed by chemical methods.
D.5.4. FUEL AND COOLANT MATERIALS AND TARGET

Use of metal fuel, for which technology has been developed at Argonne National Laboratory [6], has
several advantage over oxide fuel.
Due to high heat conductivity an inherently safe operation can be achieved. Pyrometallurgical fuel
processing will decrease the capital cost of the fuel processing plant
This metal fuel has large a content of fissile material so the neutron spectrum can be hardened and
transmutation of the MA can be increased. Although this hardening of the neutron spectrum increases the
positive Na void coefficient, operation in subcritical conditions solves the safety problem. Another
advantage of this metal-fuel reactor over the oxide-fuel reactor is that it has only a small swing in reactivity
during fuel burn-up, so that very few control rods are required to control the excess reactivity; alternatively,
the reactivity-worth of a single control rod can be much lower. Thus, the probability of having an accident
after withdrawing a control rod can be reduced.

The coolant material of the ADEP and Phoenix reactor is Na; the option to use Pb is also reserved.
Although high-temperature liquid Pb coolant is more corrosive than Na, it has many interesting features
which improve the neutronic characteristics beneficial for transmuting MA. A harder neutron energy
spectrum can be obtained, making this system resistant to recriticality in the case of a core-melt accident
because the mass density of Pb is comparable to that of the fuel material. In the case of Na coolant, the
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melted core is much heavier than the Na, so that the possibility that a melted core might sink to the bottom
of the core vessel and bring the reactor into a critical condition is higher than in the case of Pb coolant.
Furthermore, due to the high mass density of Pb, the volume ratio of coolant to fuel can be increased
without lowering the neutron energy, and a large amount of Pb coolant can be used to remove heat from
the core.

For the particle fueled reactor ADPF, He is chosen as the coolant because of a large data base of
information has been accumulated from the high temperature reactor.
As the target material for ADEP and ADPF, liquid Lead has been adopted because of the lack of a
radiation damage problem and the efficient heat removal capacity. When Pb is very corrosive, the following
three types of target materials will be chosen; solid Lead, molten salt ^'Np, and solid tungsten. The
composition of the molten salt MA target, including 237Np, is 60NaCl-40MACl3, and due to the small
fission cross section of the MA material for low energy neutrons, the amount of heat generated is not as
great as in a target composed of fissile material.
The size of the double-shelled target is determined from the heat generated and from the heat-removal
capacity of the coolant, as shown in Table V.
When Pb is chosen as the coolant, the target need not be contained in a double-shelled wall. By taking
out the some of the fuel assemblies from the center section, the liquid coolant material irradiated by high
energy protons, can be used as target.
In the Phoenix concept, the proton beam is expanded by a magnetic field to reduce the beam density
which is injected directly into the core assembly, and to flatten the power density.

D.5.5. SUBCRITICALITY AND SAFETY ISSUE
The degree of subcriticality adopted for an accelerator-driven system is very important for many aspects
of safety and economy. Although some proposals have suggested having large subcriticality to avoid
recriticality conditions occurring in the melt-down accident, a large subcriticality creates other kinds of
safety problems, such as a high power-peaking factor when the accelerated proton beam is injected locally.
Furthermore, larger power of a proton beam accelerator requires a more stringent design of the beam
window, and radiation damage to the target material and its surrounding area is much more serious. In
addition to this problem of radiation damage, a high current beam has to be controlled very strictly to avoid
instability, such as breakup and beam spilling which makes any hands-on maintenance of the accelerator
difficult and very expensive. These problems become a considerable burden in the running of a large
current accelerator in addition to the economical problems of the high initial cost.
To decrease the difficulties associated with a high powered accelerator, our ADEP and ADPF is
operated with a slightly subcriticality such as k=0.98-0.99. Although a small number of control rods will
then be needed to adjust the reactivity change due to bum up of the fuel, the reactor safety problem
associated with critical operation can be substantially reduced. This small subcriticality is enough to avoid
a sudden change of the power of the reactor due to a small change of reactivity [8].
Due to this advantage, the amounts of minor actinides that are mixed into to the Pu fueled reactor can
be increased and hence, the transmutation rate of MA also increases.

The Phoenix concept which use a high current proton beam power, has a rather large subcriticality of
k=0.9.
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D.5.6. USE OF THORIUM, CROSS PROGENY FUEL CYCLE (^U PRODUCTION AND
TRANSMUTATION OF MINOR ACTINTDES) AND NEUTRON ECONOMY
At the last international fuel-cycle evaluation (INFCE), several options for producing 233U were
proposed; however, this study was carried out before the end of the cold war, and so the use of Pu was not

considered. The United States has accumulated a great deal of military Pu from the last 40 years of Cold
War era, and also large quantities of Pu from operating LWRs. To incinerate military Pu completely it was
suggested that an accelerator could be used, as well as a LWR. However Pu is a very valuable fuel for
future generations and we should consider using this surplus Pu to start up a 233U and Thorium fuel cycle
in addition to a Pu-fuel cycle.
Instead of producing M3U fuel in a thermal reactor as discussed in the Thorium cycle, in our concept,
^U fuel is produced in the blanket region of the Pu fueled fast reactor. Due to the larger TJ-value of 233U
compared to 233U for thermal neutrons, the inventory of the fissile material for a LWR can be reduced to
about 70% of B5U fuel. The production of MA from M3U is extremely small and reduces the burden of
transmutation or disposal of MA.
233
U is produced with B2U, whose descendant nucleus 208T1 emits high-energy y-radiation so that it is
a more theft-resistant fissile material. Until a few years ago, using the Thorium and B3U fuel-cycle system
was opposed because of this high-energy y-radiation generated by 208T1. Now, with the general endorsement
for mixing minor actinides into the fuel cycle, the prospects for using it are far better.
To prevent the removal of pure 233U, 232Th should be mixed with a small amount of 238U.
From the point of view of neutron economy, transmutation of MAs is much simpler than that of LLFPs,
because neutrons are produced by fission processes in the MA transmutation process; LLFP transmutation
requires neutron capture. A LWR reactor produces substantial quantities of long-lived radioactive ^Zr from
the neutron capture process of Zr fuel-cladding material, as shown in Table VII. Thus, transmutation of
these long-lived radioactive isotopes requires a transmutor which has a higher neutron economy, like a Pufueled fast reactor, than the thermal reactor, because it has high r| value for high-energy neutrons and small
parasitic neutron capture by structural and fission products in a thermal reactor. Subcritical operation of
a fast reactor provides a higher neutron economy suitable for transmuting LLFP. To incinerate LLFP and
93
Zr isotopes efficiently, the spallation neutrons should be multiplied by coupling this neutron source to a
Pu-fueled subcritical reactor with a hard spectrum. As shown in Table VII, the reduction of the k^ value
by neutron capture is large, so it is not an easy task to get a long bum-up time. As an alternative way of
solving the transmutation of LLFP such as ''Tc and I29l we are studying the disposal of these isotopes into
outer space a the small accelerator instead of the rocket proposed by NASA [9].

D.5.7. ISSUE OF NON-PROLIFERATION (SEPARATION OF POWER PRODUCTION AND FUEL
PROCESSING)
From the point of view of non-proliferation, it is desirable to separate power production and fuelprocessing facilities; a small number of fuel processing facilities, which are internationally controlled, is

particularly beneficial for purposes of inspection.
In contrast to fuel production by a breeder reactor, fuel production by an accelerator does not require
any fissile material, only electricity and fertile material. If and when the world needs a large amount of
fissile material within a short period due to a rapid growth in energy demand, then a high-power proton
accelerator can produce fissile material from fertile material and electricity only, without needing any fissile
material. Although the cost of producing fissile material in this way is higher than it is with a breeder
reactor, this high cost can be reduced somewhat by using a subcritical assembly.
Since a breeder reactor can only produce the fissile fuel by producing energy, it should be located near
an area where this energy will be consumed. An accelerator fuel producer does not necessarily produce
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TABLE VH. LLFPs FISSION YIELD, HALF-LIFE TIMES, THERMAL AND FAST (N,F) CROSS
SECTION, TRANSMUTATION FLUXES
129j

I37f"<_

9^T*rt

Fission yield (%) 5.91

6.15

6.12 3.56

sub sum

12.06

^Sr

V_^o

1^

85

93

1.33

5.45

Kr

Zr

135

Cs

16.46

total sum

28.52
5

7

10.73

1.5x10*

3.X106

31

1.7

1

8.7

0.2

0.2

2.0 (R.I.)

15. (R.I.)

62. (R.I.)

3.xl016

4.0x10'"

2.5x10'"

4.5xl015

7.7xl016

8.9xl015

2.xl016

4.xl016

4.xl016

4.xl016

5.1x10'"

1.2x10'"

Half-life (years)

29.

30.2

2.1xl0

ojb)

0.01

0.25

20

°f«(b)

0.4

0.4

<}>„, (n cnvV)

7.7xl017
2.xl016

1.6xl0

~3yHL eff '
(J),^, (n cm'2-s"')

-10yHLeff
*- HLeff - effective half-life, R.I. - resonance integral
more energy than is required to run it, so that fuel production facilities can be located in a remote area, as
can the facilities for processing the fuel and transmuting high-level waste. A remote location where there
is a fossil-fueled bunning power plant or a hydraulic power generator is an ideal place for an accelerator
producer, and if asubcritical reactor is used, the electric energy required for operating the accelerator can
easily be obtained.
By locating such facilities in this way, the risk of proliferation of fissile material can be reduced,
although transportion of the fuel elements and spent fuel must be protected.
A subcritical reactor gives a flexible choice between fuel production and power production. When there
is plenty of electricity in the remote area, the accelerator can operate with a fission-suppressed reactor with
a small k^; fission is suppressed, so that the accelerator's power can be increased to get a higher rate of fuel
production without jeopardizing safety with an overpowered condition.

Fuel production and power production can be adjusted by the subcriticality. Thus, there are many
options and much flexibility which cannot be obtained in a reactor system operated in the critical condition.
In operating a subcritical target, k^ can be less than one, and the neutrons which are needed to maintain
the critical condition can be diverted into producing fuel. Hence, the rate of fuel production can be
increased by running the operation at a low k^ value. The initial requirement for fissile material will
depend on the reactivity; this can be adjusted by the initial inventory of the fuel.

D.5.8. ACCELERATOR
For accelerator fuel production, we have promoted the high power linear accelerator of about 300-450

MW. In this scheme, we assumed that the target is a fission-suppressed core with large subcriticality. With
a higher beam current of more than 100 mA, the linear accelerator has higher efficiency than the cyclotron,
which is efficient at less than 10 mA. ADEP and ADPF can be operated by a small size segmented
cyclotron of the order of a few MW. This circular machine does not require a long beam transport building

and proton energy can be increased without jeopardizing the economy of the accelerator; we envisage using
a high energy of 3 GeV instead of the 0.8-1.0 GeV energy customarily used for our previous conceptual
design study and for the linear accelerator. This use of high energy protons can reduce the beam current
to produce the same number of spallation neutrons, the current required is almost inversely proportional
to proton energy. Furthermore, the use of high energy protons can reduce the radiation damage in the

material of the beam's window section and the surrounding sections of the target region because of the
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smaller proton beam current. The range of high energy protons is longer than that of low energy ones; thus,
the axial distribution of the spallation neutron source is flattened and this is beneficial for heat removal
from the core.
For the Phoenix concept which requires a large proton current accelerator, a linac of 100 MW beam
power has been considered. For high the powered accelerator, the superconductor linac (SC-linac) has been
studied. The SC-linac has a higher efficiency and a higher accelerating electric field with a larger iris
aperture than a conventional linac so that the linac can be shortened. The linac can also accommodate a
wide range of P by the supply RF to each cavity without reducing the accelerator efficiency compared to
the regular conductor linac, although the radiation heating and damage in the superconductor requires
further study, and the practicality of SC-linac is being investigated [10].

The splitting of the high current beam and its injection into many reactors is desirable to reduce the
inventory cost per beam power. A negatively charged H' beam or HI22" molecular beam accelerated by a
linac can be slit with a gas jet, using laser irradiation, or by ionizing the beam and extracting it with
magnetic field. When the beam is slit time-wise, we must take into account the thermal shock generated
in the target by injecting pulsed beams. To avoid thermal shock, the proton beam should be slit in such a
way that the interval between pulses is smaller than the thermal relaxation time of the target assembly.
Although one large accelerator can run several reactor targets with higher efficiency than can a
cyclotron, a failure of the large accelerator would result in the shutting down of all reactors; therefore, it
might be practical to use numbers of small cyclotrons. Cost might be increased by independently operating
several small reactors, but it would alleviate several difficulties, such as splitting and controlling the high
current beam.
Besides the transmutation of MA and LLFP, other projects concerning accelerator tritium production
and spallation neutron sources have been going on. The concept of ATP was developed in 1980, just after
studying the accelerator breeder, and collaborative work continued with Los Alamos National Laboratory
and Hanford Westinghouse Laboratory untill 1987. After temporary closure the project started again 1992
in collaboration with Los Alamos National Laboratory (LANL) and Lawrence Livermore National
Laboratory(LLNL).

D.5.8.1 Cyclotron for proton accelerator

As mentioned before it might be practical to use numbers of small cyclotrons instead of a linac. At
present a cyclotron of 1.1 MW beam power has been developed at PSI for a 600 MeV proton accelerator
[11].
As discussed earlier, to incinerate the minor actinides produced from 10 units of LWR, it is sufficient
to use medium-energy proton with a 15-30 MW current. Because of the nearly linear energy-dependence
on number, if the spallation neutrons have energies ranging from 1-3 GeV then beam intensity and beam
energy are exchangeable. These factor may favor the use of "multistage-parallel" cyclotrons over the linear
accelerator.
While the price is almost proportional to the energy requirement for the latter system, doubling or
tripling the energy of a cyclotron is much less costly. On the other hand, the maximum achievable beam
current of a cyclotron is rather limited, especially at low energies.
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These conditions lead to the
concept
of
the
so-called
"multistage-parallel"
cyclotron
arrangement, consisting of several
low-energy, low-current cyclotrons
feeding into one high energy cyclotron.
Flnol Stwe:
For example, (as shown in Fig. 5)
15 Sector Cyclotron
12 Accelerating Covltle
a multistage cyclotron arrangement
o 600 KeV. 2 to 3 tt
providing 15 mA at an energy of at
(3CMS fH B.P.) ,,
least 2 GeV would require the
following assembly:
- Three sources of 60-70 keV
ions,
a low-energy 2 Mev, 5 mA
injector stage, consisting of
three
radio-frequency
quadrupole linacs (37 MHz),
developed by Mu'ller from
(os developed by nailer)
Ion Source
Darmstadt (Split Coaxial
2 Hev
60-70 KeV
Resonator)
an intermediate stage, made of
the same number of four-sector „. , ., , .
.
... rig. 5 Multistage cyclotron arrangement
cyclotrons with a phase width
of 36 and frequency of 36 MHz accelerating the 5 mA proton current to the upper limit around 200
MeV.
a final-stage 15-sector cyclotron, fed by the three intermediate stages (3x5 mA at 200 MeV).
This cyclotron works at 3x36=108 MHz, using 12 accelerating cavities of 600 keV. The final stage can
reach a proton energy of 2 to 3 GeV at a beam power of 30-45 MW.

As the next generation of neutron sources a spallation neutron source using 3 GeV protons from
synchrotron has been studied. In addition, intermediate energy proton and neutron cross-section data, which
is required to evaluate ADS has also been obtained.
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D.6. THE EUROPEAN COMMUNITY PROJECTS
D.6.1. IMPACT OF ACCELERATOR BASED TECHNOLOGIES ON
NUCLEAR FISSION SAFETY - SHARE COST PROJECT OF THE
EUROPEAN COMMUNITY
D.6.1.1. INTRODUCTION
Over the last few years the interest in ADS has grown in many European countries. As a result of this
some European institutes have decided to establish a shared cost project in the framework of the European
Community. The overall objective of this project is to make a European assessment of the possibilities of
accelerator-driven hybrid reactor systems from the point of view of safe energy production, minimum waste
production and transmutation capabilities. In particular:
a) to perform system studies on accelerator driven hybrid systems
b) to assess the accelerator technology
c) to study the radiotoxicity of the fuel cycle for ADS and its nonproliferation aspects
d) to provide basic nuclear and material data for ADS by means of evaluation and experiments
The final objective is to concentrate and coordinate different efforts from member states to create a
European scientific and technological basis for further projects aimed at developing environmentally
friendly, more publicly acceptable and safer nuclear fission energy sources. The final results will be models,
tools, validated routines and some new experimental data for future experimental activity on a larger scale.
D.6.1.2. WORK CONTENTS
This project is divided into 4 tasks presented in Fig. 1:
1. system studies on the accelerator driven hybrid
2. assessment of the accelerator technology
3. basic nuclear and material data
4. studies of the fuel cycle for ADS
Task 1:

~~

System studies of an accelerator driven hybrid

System studies will be focused on the following systems :
a) Energy production using the Thorium fuel cycle
b) Energy production using LWR spent fuel and burning of TransUranium elements
c) Dedicated Plutonium burning with energy production
d) Transmutation of fission products combined with burning of TransUranium elements
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KTH - Kungliga Tekniska Hogskolan (Sweden), CEA - Commissariat 6 1'Energie Atomique (France)
ECN - Energieonderzoek Centrum Nederland (Netherlands), KFA - Forschungszentrum Jiilich GmbH (Germany)
E N E A -Enea Nationale per la Ricerca e lo Sviluppo dell'Energia Nucleare e delle Energie Alternative (Italy, Casaccia and Bolognma)
FZK - Forschungszentrum Karlsruhe ( G e r m a n y ) , AEA - Atomic Energy Authority Technology (United K i n g d o m )
UU - Uppsala University (Sweden), CTH - Chalmers Tekniska Hogskolan (Sweden)

Task structure of the European project: Impact of the Accelerator Based Technologies on Nuclear Fission Safety

These studies will be performed for thermal, fast and intermediate neutron energies to optimize the
performance of the system. The neutron energy range strongly determines the choice of the materials used
for the coolant and reflectors/moderators and requires multidimensional optimization which has to be
performed in respect of material compatibility, engineering aspects, corrosion, safety, economy and other
factors.
In Europe large quantities of Pu from reprocessed spent LWR fuel are available. These can be recycled
to some extent in existing LWRs using the MOX option, or by using fast reactors. However, multiple
recycling of MOX in thermal reactors is not very efficient in LWRs. The possibilities of using recycled Pu
in hybrid systems will be investigated.
It is also very important for Europe to monitor and, if required, to help to destroy excess Russian weapons
Plutonium. Therefore the potential of ADS to efficiently burn weapon Plutonium with a simultaneous
energy production has to be investigated.
The spallation target will be chosen and optimized with respect to proton energy, neutron production,
thermodynamics and radiotoxicity of spallation products.
The safety/risk assessment of the different ADS will be performed and reference scenarios for severe
accidents will be worked out for these different systems. Optimization of the subcriticality level with
respect to safety and efficiency will be investigated. Transient behaviours of the ADS will be investigated.
The environmental and economical impact of the ADS on the geological repository of HLW will be
estimated.
A preliminary economic assessment, based on the results of studies in this project, will be made in order
to estimate the feasibility of these ideas as well as to validate the results.

Task 2:

Assessment of the accelerator technology

Accelerator technology will be assessed with respect to: construction (cyclotron vs linac), proton current
and energy levels. These results will strongly influence the economical aspects of the system studies.

Task 3:

Basic nuclear and material data

A relatively high yield of neutrons up to several hundreds of MeV is produced by the proton interactions
in the thick, heavy element ADS target. Nuclear reaction calculations will be performed and experimental
data will be collected in order to create an evaluated data file.
Nuclear model codes will be validated for basic nuclear reaction cross section data of importance for ADS
neutronic calculations. The validation is based on a number of protons and neutrons induced cross section
measurements performed at the The Svedberg Laboratory, Uppsala in the energy range 50 to 200 MeV.
Measurements will also be made of the thermal fission yield for 233U and the fast fission yield for 232Th.

Task 4:

Studies of the fuel cycle for ADS

The use of the Thorium cycle for energy production seems to be extremely attractive due to the breeding
potential generated by the excess neutrons in the system. Apart from operating in a self-sufficient mode
supplying large amounts of energy, there is simultaneous production of fissile material and negligible
production of TRU-elements.
A combined Th and LWR-spent fuel cycle is another attractive option opening new possibilities for
synergetic coexistence of conventional nuclear reactors and ADS. Generic aspects of the Th-cycle will be
studied in the framework of another project entitled "Thorium cycles, a nuclear waste management option",
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coordinated by W.M.P. Franken, ECN. In our project we shall only concentrate on specific aspects of the
hybrid systems and the studies will be coordinated with ECN.
The following fuel options will be investigated:
inert matrix using liquid Lead as a carrier/cooling material
inert matrix using molten salt (fluoride, chloride) as a carrier/cooling material
aqueous systems with heavy water
oxide fuels
metallic fuel
The proliferation and radiotoxicity characteristics of the different fuel cycles and fuel options will be
investigated. The efficiency and costs of fission products transmutation will also be assessed.
D.6.1.2. EXPECTED BENEFITS
The strategic aim of the project is to broaden the nuclear power option and to make it more attractive

and acceptable to the general public, for the benefit of present and future generations. By addressing
some of the most important problems of nuclear power, namely improving safety and reducing the burden
of the waste radiotoxicity, we may significantly contribute to the permanent solution of the world long term
energy supply. The strategic studies planned in this project will result in the comparison of different options
in the form of the cost/benefit impact of accelerator based transmutation on different strategies such as:
direct geological disposal of irradiated fuel, with or without reprocessing and Pu recycling in reactors etc.
Up to now, individual studies have been very difficult to compare due to the significant differences in
hypothesis, method and data. This difficulty has been compounded when comparisons have been attempted
on the use of different fuel cycles and/or different neutron spectra for transmutation. This project will
prepare the platform for future analysis of diverse nuclear power systems.

In the frame of this project, the problems of weighting the long-term low-level risks versus short-term

higher-level risks will be addressed for comparison of geological repositories with the transmutation
option.
Many questions have also been raised concerning the economic costs of introducing accelerators into
nuclear power. Even at this very early stage it is necessary to make a preliminary economic assessment
to prepare the ground for future decisions concerning the eventual construction of such systems. This
project addresses these issues.

In conclusion, the project will result in the following benefits:

1.
2.
3.
4.
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preparation of the platform for future analysis of diverse nuclear power systems
grounds for weighting the long-term low-level risks versus short-term higher-level risks for
comparison of geological repositories with the transmutation option
preliminary economic assessment to prepare the ground for future decisions concerning the
eventual construction of accelerator driven systems
a framework for future international collaboration aimed at performing an ADS integral
experiment will be prepared.

XA9846575
D.6.2. SWEDISH PERSPECTIVE ON THE ACCELERATOR DRIVEN NUCLEAR SYSTEM

Waclaw Gudowski and Henri Conde
Sweden
D.6.2.1. INTRODUCTION
The nuclear power programme in Sweden consists of 12 nuclear reactors located at four different sites
and with a combined capacity of 10 000 MW net electric power. The nuclear power plants generated about
42% of the total Swedish electric power produced in 1993.
These nuclear power plants are owned by four companies which have formed the Swedish Nuclear Fuel
and Waste Management Company, SKB (SKB - Svensk Kambranslehantering AB). SKB's duties are to
develop, plan, construct and operate facilities and systems for the management and disposal of spent
nuclear fuel and radioactive wastes from the Swedish nuclear power plants. On behalf of its owners SKB
is responsible for all handling, transport and storage of nuclear waste outside of the nuclear power
production facilities [1]. SKB is also in charge of a comprehensive research programme in the radwaste
field.

A complete system has been planned for the management of all radioactive residues from the 12
nuclear reactors and from the research facilities. The system is based on the projected generation of waste
up to the year 2010. A central interim storage facility, CLAB, was put into operation in July 1985 for the
storage of spent fuel. This facility has a current capacity of 5 000 tonnes of spent fuel. The spent fuel will
be stored in CLAB for about 40 years. It will then be encapsulated in corrosion-resistant canisters and
deposited at depth in the Swedish bedrock. The construction of the deep repository will be made in stages.
The first stage of the repository, for 5 - 10% of the fuel, is planned to be put into operation in 2008. The
next stage for the full repository will only be built after thorough evaluation of the experience of the first
stage and renewed licensing. The site for the deep repository has not yet been chosen.
The estimated costs for the Swedish deep rock repository amounts to about 40 billion SEK. One
attractive option to reduce these costs would be to transmute the most cumbersome components of the
spent fuel using accelerator-driven transmutation technology.

D.6.2.2. ACCELERATORS ENTER THE NUCLEAR ENERGY FIELD

As described in this Status report, new concepts for treating spent fuel from fission reactors have been
developed in recent years. This has initiated rapidly growing international research activities in which a
number of Swedish, mostly university-linked, groups participate. It is believed that Accelerator-Driven
Systems can effectively convert the long-lived radioactivity in the burned nuclear fuel, to short-lived and
by so reduce the need for geological repositories. ADS offers in the long-term a possibility to produce
cleaner fission energy over an indefinite period, a concept which would fit Swedish needs and
technological skill. However, due to environmental requirements the Swedish parliament decided that the
two dominating energy sources - nuclear power and fossil fuels - will be either shut down (nuclear power)
or its use will be limited (fossil fuels), so in the long run the Swedish energy supply is a problem area. The
parliamentary decisions are based on the perceived risks which in the first case are linked to a possible
release of radioactivity from a large reactor accident and/or the handling of the highly radioactive spent
fuel and also to proliferation concerns. In the second case the decisions are linked to the risk of a global
environmental catastrophe through the "green house effect". Although research on alternative renewable
energy sources has been in progress, no large scale solutions which can meet the future energy demands
have been found so far. At the same time the research problems connected with the utilization of fusion
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energy are still numerous. Today it is difficult to predict when the basic problems in this field will be
solved. Finally, the import of energy negatively effects the balance of trade and makes Sweden dependent
upon the political and economic decisions of foreign countries.
With the threefold aim (1) to find methods for treating the high level nuclear wastes which could be
more easily accepted by the public than a direct geological deposition, (2) to design a nuclear power
system which would be more acceptable to the public (safer performance and reduced waste streams) and
at the same time (3) to recruit students to the nuclear energy field, a national collaboration has been
initiated in the research of accelerator driven systems. The ambition to start research in this field was
positively influenced by the Specialists' Meeting on "Accelerator-Driven Transmutation Technology for
Radwaste and other Applications" which was held at Saltsjobaden, Sweden on 24-28 June 1991.

The "Group for Spallator Research" conducts - so far - concerted research at Chalmers University of
Technology (CTH), the Royal Institute of Technology (KTH), the Manne Siegbahn Laboratory-Stockholm
University and Uppsala University.
The main task of this Group is to stimulate and to coordinate research and development projects in the
accelerator driven transmutation technologies. These projects - as shown on Fig. 1 - aim to :
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Objectives of the Swedish cooperation in accelerator-driven nuclear systems

1) Find practical solutions for accelerator driven transmutation of longlived radioactive material (e.g.
Plutonium, minor actinides, fission products) into shortlife or stable elements. This may result in
cheaper and safer storage in geological repository;
2) Investigate of new options for nuclear energy production with inherently safe systems, either with
Uranium or Thorium fuel and with reduced longlived radioactive waste production. If successful,
this will result in a new, environmentally friendly, safe, cheap and virtually unlimited source of
energy. The proposed systems for transmutation of spent fuel and production of energy are
subcritical and inherently safe.
3) Open new, exciting research and occupation possibilities for students and young specialists, which
will ensure the proper level of competence needed for our nuclear power utilities, governmental
agencies etc. The existing nuclear power facilities will need qualified personnel for at least two
generations, even in the case of a shut-down of all the Swedish nuclear power plants by the year
2010.
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The Group is now in the process of establishing long term financing for this national collaboration.
D.6.2.3. RESEARCH WITHIN THE SPALLATOR GROUP
The research projects are so far driven by the scientific interests of particular groups:
Department of Nuclear Chemistry Chalmers University of Technology (CTH) is studying separation
processes proposed for use in connection with nuclear transmutation. The project, conducted in
cooperation with research groups in the US, Japan and the EC contains both experimental
investigations as well as modeling of different separation systems. The project is mostly directed

towards fundamental research and aims to help judge whether different proposed separation and
transmutation processes are realistic.
Department of Neutron and Reactor Physics and Centre for Safety Research, the Royal Institute of
Technology is conducting a research program focused on conceptual studies based on computer
simulations of ADS, safety and system assessments.

Department of Neutron Research and Department of Radiation Science, Uppsala University (UU) has
for many years been carrying out research on basic nuclear data such as cross sections for neutron and
proton induced reactions, fission yields, half-life of short lived fission products, delayed neutron yields
etc.
Manne Siegbahn Laboratory (MSL) - Stockholm University has a long tradition in accelerator design
and operation and conducts studies of space-charge current-limitation in the low energy part of the
accelerator and a minimization of the particle losses due to residual gas collisions in the vacuum
system.

An industrially oriented group of reactor physicists, formerly at ABB Atom, and neutron physicists
from Uppsala University and KTH is also taking part in this collaboration and have investigated the
technical and economical possibilities of implementing an inherently safe reactor concept for an
accelerator driven system.
D.6.2.4. INTERNATIONAL PERSPECTIVE

The research activities of the Group for Spallator Research have been primarily devoted to system and
feasibility studies together with participation in a number of international efforts mainly in the US (Los
Alamos), Russia (ITEP-Moscow, BPPE-Obninsk), France (Saturne) and in the future possibly in Japan
(PNC-JAERI), CERN and Switzerland (PSI).

Collaborative projects on ADS research are already in progress with leading international laboratories
as described above. In particular, a project aimed at the construction and testing of a 1 MW liquid leadbismuth spallation target has been started as a collaboration between the U.S.A., Russia, France and
Sweden. It is anticipated that the Swedish groups (coordinated and financed through the Centre for
Spallator Research) will prepare some part of the experimental equipment and take responsibility for its
installation and performance.
The Group for Spallator Research is also going to work actively to create an international organisation
or centre for advancement of ADTT.
D.6.2.5. FINAL REMARKS

Accelerator-driven nuclear systems can become an important complement for nuclear reactors opening
new options for the nuclear fuel cycle and furthermore, in countries like Sweden, where of conventional
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nuclear power has no future prospects, these systems can make nuclear energy an attractive source of
environmentally friendly energy again. Also the idea of burning weapon grade Plutonium in accelerator
driven systems has a lot of advantages and should be thoroughly exploited. The best way to achieve these
goals is through intensive international cooperation and common efforts to build the first demonstration
facility.
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D.6.3. ADS PROGRAMS IN FRANCE
D.6.3.1 FRENCH PROGRAMS FOR ADVANCED WASTE MANAGEMENT OPTIONS

M. Salvatores *, J.P. Schapira**, H. Mouney***
* CEA-DRN, ** CNRS-EN2P3, *** EDF-DE
Several organisms (CEA, CNRS, EdF, etc) are cooperating in France on Accelerator-Driven Systems. The
major motivation is the investigation of innovative options for the radioactive waste management. The
paper describes the ongoing activities and future directions of the cooperative efforts.
D.6.3.1.1 INTRODUCTION

The management of long-lived radioactive wastes, has been the subject in France of a Parliament law
(December 1991), which requires that R and D work should be performed, in particular by research
organism , on : partitioning/transmutation (P/T); underground laboratories for deep storage assessment;
intermediate storage technology, in order to provide the scientific elements to evaluate
advantages/disadvantages of the different options to be submitted to the Government for a decision in
2006. As far as transmutation, most work has been done up to now on the potential of standard (or
advanced) fission reactors. However, the national body Commission Nationale d' Evaluation (CNE) in
charge of evaluating step by step the R and D work performed, has recently recommended to explore also
more advanced solutions for waste management and in particular for transmutations. Accelerator-Driven
System fall clearly in this category.
D.6.3.1.2 THE ISAAC PROGRAM AT CEA
D.6.3.1.2.1 Background

As mentioned above, most work on transmutation is focused on the potential of fission reactors
(thermal or fats). The CEA is conducting a research program [1] in the frame of the wider SPIN program
(which includes actinide chemistry) in partnership with EdF, FRAMATOM and COGEMA.

From a strictly point of view, "transmutation" is a matter of neutron availability [2], and standard fission
reactors can provide them : a PWR with increased fuel enrichment or a Fast Neutron Reactor used in the
"burner" mode [3]. Accelerator-Driven System can provide extra neutrons [2] and can play a role in a long
term P/T strategy, or, in general, they can play a role in the assessment of different long term options for
the back-end of the fuel cycle.
D.6.3.1.2.2 The Fields of Activity of the ISAAC Program

At CEA, different laboratories have been working in recent years on several aspects of the technology
and of the physics of Accelerator-Driven Systems (high intensity accelerator technology, physics of sourcedriven multiplying systems, spallation physics). It has been decided in 1995 to launch a program, devoted
to the experimental validation of the major items related to a generic accelerator-driven system (namely,
accelerator technology, target physics and multiplying sub-critical system physics). The program of
research concerns the physics of multiplying subcritical systems, in the feasibility of high intensity
accelerators, the physics and the experimental validation of spallation phenomena modelisation and system
studies, devoted both to minor actinide transmutation potential and to feasibility/safety studies.
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D.6.3.1.2.3 The Physics of Multiplying subcritical Systems
It is recognized that, whatever the application, the multiplying subcritical core will play a central role.
The physics of such systems (I. e. source-driven subcritical systems) is known in principle. However, no
specific experimental program has been performed, in particular for near-critical subcritical systems.
Methods and data needed are fairly sophisticated, in terms of geometrical configurations, neutrons modes
superposition, spatial flux distribution, etc, and in a specific experimental program is needed to gain
confidence in the assessment of the performances of hybrid systems.

An experimental program has been launched at the MASURCA facility in CADARACHE. A first
experiment (MUSE) has been performed in December 1995 and it will be reported in a companion paper
at this conference [4]. These experiments can help to understand the role of the neutron importance of the
source and the impact of the source spectrum and environment, at different levels of subcriticality. The
"homogenisation" of the results will be indicated at this conference. The first MUSE-1 experiment did
allow to confirm that the high accuracy measurements can be performed to evaluate the system
subcriticality Ap (to less than 3%), the reaction rate spatial distributions (to ± 1%), and the neutron source
effectiveness <p* [4].
The next phase, MUSE-2, will be devoted to the study of the influence of neutron diffusing medium
around the source (see Figs 1 and 2). This program has been performed in late summer 1996.
A MUSE-3 experiment, to be performed in early 1997 is under study , possibility using a lead buffer
around the source and attempting delayed neutron effective fraction measurement in the subcritical
medium.
In the frame of these studies , actinide and fission product neutron cross-sections have been or will also
be measured at the Geel LINAC (in particular ^Np, 9*Tc). Moreover, a large scale experiment is underway
at SUPERPHENIX (the SUPERPROFIL experiment), in which a large number of pure, separated isotope
samples are irradiated in two standard fuel pins in a clean environment inside the core. In particular
samples of 07Np .^'Pu, ^'Am, ^Am, ^Cm will be analyzed after irradiation and transmutation rates will
be determined with high accuracy.

D.6.3.1.2.4 Feasibility of High Intensity Accelerators
Studies are underway on accelerator structures with coupling cells, on halo phenomena and the
dynamics of the beam and on radiofrequency chains. Theoretical studies are completed by an experiment
on the beam dynamic (FODO experiment) and by the design of a proton source of 100 mA at SATURNE.
Of course, this activity has wider scope than hybrid system applications. At present, no unique
specifications for a high intensity accelerator have been given, since the role and applications of hybrid
systems are still to be fully defined (see section D.6.3.2.6).

D.6.3.1.2.5 Physics and Modelisation of Spallation
The experimental programs at SATURNE will be detailed in other companion papers at this
conference (thin and thick targets, spoliation residual nuclei measurements, double differential crosssections measurements, neutron production etc) [6].
New code systems are developed and validated on these experiments. In particular, a project for a new code
system, dedicated to the physics of spallation, has been launched at CEA (1996-1998). This code system
(called "SPARTE") will handle intranuclear cascades (with improved models) , high energy particle
transport, neutron transport below a threshold energy Et (initially E,=20 MeV, later Et=150 MeV ) with
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the continuous Monte Carlo code TRIPOLI, and full nuclide time evolution description (activity, decay
heat, toxicity) by the code DAEWIN (developed for standard applications).
Nuclear data bases will be enlarged, as far as possible in the frame of international collaborations (like
Working Party on Evaluation Collaboration of the OECD-NEA). The coupling with the standard neutronics
code systems (e. g. ERANOS [7]) will be realized. A principle scheme of SPARTE is given in Fig.3 .
D.6.3.1.2.6 System Studies
The physics of the accelerator driven system has been the object of studies and the main conclusions
and present views have be presented in a paper by M. Salvatores and I. Slessarev [8]. The main potential
role for accelerator driven systems can be found in cases where the external neutron supply can help to
shape a radioactivity clean nuclear power (RCNP), i. e. concentrate radioactive wastes (e. g. Am and Cm)
in a very limited number of installations inside a standard nuclear power park of reactors, also dedicated
if possible to eliminate long-lived fission products.
This approach is close to the "double strata" concept proposed by JAERI [9].
Two more fields of application of hybrid systems seem to be promising:
-Optimized use of the Uranium cycle in a large subcritical fast reactors, with long burn-up and low
reactivity loss per cycle.
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-Enhanced and adaptable neutron source, for driving small power systems with high subcridcah'ty for
innovative irradiation studies and fundamental physics studies. This last type of system could be eventually
used as pilot experiment for hybrid system feasibility demonstration.
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D.6.3.1.3 THE PRACEN RESEARCH PROGRAM AT IN2P3

In France, basic research in nuclear and particle physics are carried out by IN2P3 (Institute National
de Physique Nucleaire et de Physique des Particles), which is a part of CNRS (Centre National de la
Recgercge Scientifique), as well as by a part of CEA (Direction Des Sciences de la Materie). The activity
of IN2P3, related to nuclear waste management was restricted to a radiochemistry and nuclear chemistry
studies, at least until 1993 when it was decided to make larger contribution on certain aspects of the back
end of the fuel cycle for which basic research could be needed.
In June 1993 , a coordinated research program, called PRACEN (Programme de Recherche sur 1' Aval du

Cycle ElectroNucleaire) was officially set up on two subjects, in accordance with the above mentioned
1991 law (article 4) and with the competencies identified among the radiochemists and physicists of IN2P3:
-Radiochemical studies related to the physico-chemical conditions of deep geological storage as well as to
the chemical separation of certain long-lived radioelements.
-Nuclear storage properties and accelerator studies in relation with accelerator driven systems.
The first theme is up to now the most active, and it is carried out, since 1995, in the frame of a national
program called PRACTIS (Physicochimie des Actinides at Autres Radioelements en Solutions et aux
Interfaces), with part of CEA (Direction du Cycle du Combustible) and the department of Chemical
Sciences of CNRS. On the other hand, IN2P3 is partner to an EC program on "Thorium Cycles as Nuclear
waste Management Option" and is specifically in charge of the mining aspects and of the residual risks in
deep geological storage.
The main activity on the second theme is carried out in the frame of collaboration with the Rubbia's group
ET at CERN. Physicists from various IN2P3 laboratories (Grenoble, Bordeaux and Orsay ) have taken a
very active part in the first experimental study carried out in 1994 at CERN to establish the Energy
Amplifier concept [10]. In relation with the new C. Rubbia's proposal of subcritical fast reactor, driven by
a cyclotron , and cooled by lead, IN2P3 has recently designed a lead structure to be used near the Grenoble
cyclotron, which produces a pulsed neutron beam. Such a device is designed for neutron transport studies
in lead and for some transmutation rates measurement at various neutron energy, the lead being used as a
slowing down spectrometer [11]. It is also part of the project TARC (Transmutation by Adiabatic
Resonance Crossing) developed at the ET group of CERN, which should be applied to the transmutation
of some long-lived fission products (such as 99Tc).
D.6.3.1.4 THE "GEDEON" COLLABORATIVE PROGRAM

At the national level, a joint research program has been recently established among CNRS, EDF, and
CEA. The program covers the common areas of interest of the ISAAC and PRACEN programs. The
objective is to explore innovative options in common for radioactive waste management. The Hybrid

Systems potential evaluation is at the core of the GEDEON program, but the potential of alternative fuel
cycles (e. g. Thorium) is also explored . Starting in 1996 , efforts are put in common to run the previously

mentioned experiments (e.g. the MUSE and the Grenoble lead experiments), and to plan future experiments
and activities. Moreover, the international collaboration (underway with PSI-Switzerland, CERN, ENEAItaly, FZK-Germany, GSI-Germany, RTF-Sweden, ECN-Netherlands, Politecnico di Torino etc), should
strongly expand in the near future.
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D.632. MUSE-1: A FIRST EXPERIMENT AT MASURCA TO VALIDATE THE PHYSICS OF
SUB-CRITICAL MULTIPLYING SYSTEMS RELEVANT TO ADS
M. Salvatores, M. Martini, I. Slessarev, R. Soule, J. C. Cabrillat, J. P. Chauvin, Ph. Finck, R. Jacqmin, A.
Tchistiaakov
CEA - Nuclear Reactor Directorate - Cadarache
ABSTRACT

In the framework of CEA programme ISAAC, devoted to Accelerator-Driven Systems, several experiments
activities have been launched. A significant experimental programme is underway in MASURCA
experimental reactor in Cadarache to validate the physics of subcritical multiplying media. The first
experiment MUSE-1 performed in December 1995 is described in the present paper, and a first analysis
of the result obtained is geven.
D.6.3.2.1 INTRODUCTION

External source-driven subcritical systems (here called "hybrid systems) have been widely discussed
in recent years.. The behavior of the subcritical reactor is mostly determined by the inherent neutronics
characteristics related to the Boltzmann operator of that system. A flexible installation like the MASURCA
experimental facility in Cadarache can be used to investigate experimentally a large range of different
configurations (geometry, composition etc) at different subcriticality levels (k^ ~ 0.9 to 1). As far as
analysis is concerned, one can decouple the study of the spallation neutron source and its validation from
the study of the neutronic behavior of the subcritical system. In that case the subcritical system can be
driven by a known (I. E. in space and energy spectrum) source.
D.6.3.2.2 THE PHYSICS OF SUBCRITICAL MULTIPLYING SYSTEMS

The simplest way to represent the steady state condition in a source-driven subcritical system
is as follows:

where v is the average number of prompt neutrons per fission and Sext is the external neutron source
(expressed in neutrons/fission).
The neutron flux distribution (J) inside the multiplying system is given by the solution of :

= M(J) + 5

(2)

where A and M are, respectively the net neutron loss and fission production operators of the standard
Boltzmann equation.
More explicitly :

C
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(3)

where the source can be represented as :

S(E,r) = x,(Wr)

(4)

with the following normalization :

fS(E,r)dEdr

= fP(r)rfr = T (neutrons /fission)

(5)

where F is the total number of spallation neutrons which feed the subcritical system, if all the fission energy
is transformed in proton current.

It is easy to verify that the true balance equation is :

IV + v = j-K
0

(r)

where <p* is the neutron source effectiveness, defined as the ratio of the importance of the source neutrons
to the importance of the fission neutrons :

5

'' - i
where (using the notation < >= IdE ) :

S* = fdr«b*,S>
X*

=

and 4>* is solution of :
VS,(E) r

(E'tr)dr

(8)

(p* is in general # 1 , and affects in a significant way the energy balance of the system. A cp*>l value is
desirable, since in that way once can reduce, for example, the current needed to feed the system.
In case of a known source S (neutron/s), corresponding to W0 fissions/s, one can measure (p */v :

cp*/v = [Wx3.1xlO'°(l- keff)lkeff]/s
where W (in watts) is the power in the multiplying system, which can be measured, together with the
subcriticality level (1-^)71^.
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Obviously, in a subcritical system, one can measure physical quantities, such as reaction rates, which are
directly related to the neutron flux spatial distribution, with and without external source.
D.6.3.2.3 THE EXPERIMENTAL PROGRAM
The MASURCA zero-power critical facility in Cadarache allows to set up a wide range of critical
configurations with fast neutron spectrum, using a variety of different fuels and simulated coolant materials
(Tike Na), in different proportions. For the MUSE-1 experiment in December 1995, and in order to reduce the
time needed to unload/load the core, an existing loaded core was used (fueled with UO2-PuO2 with a ratio of
Pu/(Pu+U) approximately equal to 0.25 , and with simulated Na coolant). The core axial and radial
dimensions were, respectively, h = 60 cm and r = 45 cm. In the central channel of the core it was possible to
load a ^f neutron source (s = 7.55 x 107 n/s), which was located successively at three axial position (in the
midplane, at +15 cm and at +25 cm above the midplane). The geometrical arrangement of the experiment is
shown in Fig. 1. The core composition is given in Table I.

core
boundary

core
(PuO,-UO,
fuel)

Core

zones
whicti

have been
suppressed
to be at

reflector

• Source position
• Axial channel
positions

FIG.

432

1.

MUSE-1 configuration -XY section at midplane

TABLE I. MUSE-1 CORE COMPOSITION
_______________Volume Fraction
Fuel: UO2-Pu02
Pu/(Pu+U) = 0.25

34%

Simulated coolant: Na

43%

Structural material: SS

12%

Void

11

Starting from a critical configuration without
external source), the core was made subcritical, by

unloading some peripheral fuel elements.
The following measurements have been performed
-sub-criticality level,
- 235U fission rate radial and axial distributions,
- (p* measurement.

D.6.3.2.3 EXPERIMENTAL RESULTS AND ANALYSIS
The reactivity of the subcritical configuration has been measured by modified source multiplication
method (MSM).
The analysis has been performed with the latest version of ERANOS code system [1], used for the neutronic
analysis of fast reactors, hi particular fixed-source 3-dimensional transport methods have been used, since
diffusion theory is not adequate for this type of configurations. A comparison of calculation and experiment
of reactivity is given in Table II.
TABLE II. CALCULATION/EXPERIMENT COMPARISON FOR REACTIVITY
Calculation
Experiment

3D(XYZ) Diffusion
Finite Differences

k-r
E-C

0.98345±0.00250 0.96729
0.01515

Ap
E-C

-0.01572±.00060

-

3D(XYZ) Diffusion
Nodal

3D(XYZ) Transport
Nodal

0.96821
0.01524

0.98111
0.00234

-

-0.01560
0.00012±.00060

The agreement is very satisfactory. The relative distributions of ^U fission rates were measured using
fission chambers both in a radial channel at core mid-plane and in three axial channels located at three radial
positions (see Fig. 1).
The relative precision of the measurement was high enough (±1%), to make it possible to detect the
perturbations caused by the presence of the Californium source. Some typical results are shown in Figs 2 and
3. Figure 2 shows a radial profile of the ^U fission rate measured both with and without the external source.
Figure 3 shows the three axial distributions of the 235U fission rate, relative to the cases when the external
source, which becomes less pronounced when the fission rate is measured in an axial channel far from the
center. Calculations have been performed using the same calculation scheme as indicated previously. Excellent
C/E agreement was found as illustrated in Figs 4 and 5. Most C/E values are inside the experimental error bars
(±1 -s- 2%).

Finally Table III compares the measured and calculated

<p*/v values relative to the external source:

good agreement is observed, often within experimental uncertainties.
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Axial ^U fission rate in MUSE-1.
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TABLE IH. CALCULATION/EXPERIMENT COMPARISON FOR
252

Cf Source Position: At core center
E=0.495±4%

C=0.534
(E-C)/C=-7.1±4%
(A): Z with respect to midplane

(p Vv

+15cm < a )

+25 cm(b)

0.460±4%

0.380±4%

0.468

0361
+5.3±4%

-1.7±4%

D.6.3.2.4 CONCLUSIONS AND FUTURE PLANS
The MUSE-1 experiment performed on the MASURCA assembly in Cadarache has shown the potential
of that facility to investigate the physics of subcntical multiplying systems in the presence of an external
source. The accuracy of the measurements is very high, and known experimental techniques, used in
standard experiments to validate the physics of fast neutron cores, can be applied with confidence.
The short, exploratory MUSE-1 programme has provided some insight into the physical behavior of
the neutron population in the subcritical system.
Moreover, a relevant integral parameter, I. e. the external neutron source effectiveness <p*, was defined
and measured with high accuracy. This point is very relevant, since (p* can be a key parameter in the
optimization of a hybrid system, to improve the energy balance and to provide an optimized neutron
importance distribution.

Future experiments will focus on the study of neutron diffusing media placed around the source, with
different positions of the source and at different levels of subcriticality.
Kinetics parameters (like Peff) will be measured, to gain insight in the time dependent behavior of a
subcritical system.
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D.6.4.1 APPROACHES TO A NATIONAL ADS PROGRAM IN THE CZECH REPUBLIC
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D.6.4.1.1. NUCLEAR ENERGY IN THE CZECH REPUBLIC

The Czech Republic is a highly developed industrial country with a dense population.The country is
very poor in conventional energy resources: hydroenergy - fully exploited - provides less than 3% of the
total electricity production; fossil reserves are reduced to coal only, most of it being low quality and sulphur
rich brown coal and lignites. Its use for electricity production caused, and still causes, heavy environmental
damage especially in the northern part of the Czech republic which is internationally declared to be an
ecological disaster region. The atmospheric pollution caused by coal power stations is causing grave
concerns even in the neighboring countries. At the end of the eighties, Czechoslovakia, having a population
of about 0.3% of the total world population, was burning app.10% of the total world production of lignites.
At the beginning of the nineties, about 90% of Czechoslovakia's oil and natural gas were imported from
the former USSR i.e. from abroad, making the country's economics very vulnerable and dependent.

The Czech republic had considerable reserves of Uranium ores. Although a large part of it was
exploited between 1945 and the seventies, a reasonable amount of Uranium ore is still available.
These are the main reasons why the Czech Republic decided to build several nuclear power stations.
Four of them, Russian designed WER-440 (V-213) reactors have been in operation at Dukovany since
the middle of eighties. Two additional reactors, VVER-1000, are near to completion in Temelfn, South
Bohemia.
The completion of the Temelfn nuclear power plant initiated hectic discussions both at the national and
international levels. Although the VVER-1000 is the most modem russian designed NPP, provided with
a very solid containment, additional significant steps were undertaken to increase its safety standards. The
American company Westinghouse is in charge of further modernization the NPP, providing modern
instrumentation and control system and newly designed fuel elements.

D.6.4.1.2. SPENT FUEL MANAGEMENT

Until 1986 the spent fuel did not present any problems since the country manufacturing the fuel - i.e.
the USSR - had a contract obligation to take care of it. Since the end of 199la Russian Federation law
prohibits the acceptance of spent fuel from abroad, so the Soviet/Russian option for handling of the spent
fuel has been out of the question.
This is why the Czech Republic since 1992 has had to reconsider the whole problem of the spent fuel
waste. The Czech energy board tried unsuccessfully to negotiate the storage of spent fuel abroad in
Germany, Italy, Finland, Belgium and Sweden - i.e. in countries with spare storage capacity. After rejecting
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the reprocessing option, the only remaining solution was to build both an interim and a final repository in
the Czech republic. Due to considerable public opposition, spent fuel management has become a serious
political problem in the Czech republic during the last couple of years. According to present political plans,
the final underground repository should not be opened before 2050-2070; therefore enough time exists for
a thorough investigation of alternative solutions.
D.6.4.1.3. THE 1994 AND 1995 LIBLICE SYMPOSIUM
The above are, in brief the reasons why the new ideas presented on the Los Alamos ATW project and
by the Rubbia energy amplifier project met a positive response not only in political quarters but also in the
nuclear power industry and utilities. Even the mass-media reacted positively and published several reports
about the Los Alamos project.
In 1994 the Ministry of Industry and Commerce asked a group of Czech scientists to prepare a
preliminary study on projects dealing with accelerator driven nuclear reactors and nuclear waste
transmutation. The study has been completed in the spring of 1994 and published in Czech [1].

The Initiative Group for the accelerator driven transmutation of waste was set up in September 1993.
Its activities were financially supported by the Czech Energy Board (CEZ), Czech Ministry of Industry and
Commerce and the SKoda industrial group.
This financial support has allowed small symposiums to be convened on June 27-29, 1994 and then
on September 1995 at the Liblice castle near Prague on accelerator driven reactors and nuclear waste
management projects in the Czech Republic [2].
The symposiums met with a considerable interest from Czech scientists and nuclear engineers. Over
40 people, including several scientists from Sweden, the U.S., Slovakia and Russia, took part in its work
and around 20 papers, covering different aspects of this problem and reporting related activities in the
Czech republic were presented. The participation of a group of engineers from SKODA NM Ltd who
presented several papers was encouriging, showing that these new ideas are seriously discussed and studied
in the industry.
The Liblice symposiums reviewed the competencies of Czech scientists and engineers in the field of
accelerator driven reactor and transmuters. Many interesting proposals and topics were presented at the
symposium [3].
In the spring of 1995, the Iniative Group presented another more detailed and complex study to the
Czech Ministry of Industry and Commerce under the title "Possibilities of incineration of spent fuel and
radioactive wastes by new methods" [4].

The nuclear program was initiated in the former Czechoslovakia in the late fifties. Since then Czech
and Slovak scientists and engineers and the nuclear industry gained considerable experience in nuclear
science and technology:
(1) several accelerators, research and experimental reactors were successfully operated for several
decades;
(2) considerable experience was also gained in the field of hot chemistry - separation, partitioning and
solidification;

(3) jointly with Russian specialists, a new type of nuclear power reactor was designed, constructed and
operated between 1972-1977. The nuclear power station, called Al, had a graphite moderated gascooled (CO2) reactor using natural Uranium with a designed net electrical output of 150 MWe;
(4) the Skoda nuclear engineering factory produced 14 NPP, twelve of them with VVER 440 power
reactor units with modernized design and two with VVER-1000 reactors.

The Liblice symposiums allowed assessment of both the interest and the competences available in the
Czech republic for the transmutation projects. The main centers in the Czech Republic which possess
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know-how and competence for the future accelerator driven systems and transmutation studies are
described here:

Nuclear Research Institute, Rez ':
Two research reactors (LVR-15 for material testing and LR-0 developed for testing cores of the VVER
reactors)
Research reactor department.
Division of reactor physics.
Division of radiation chemistry (hot cells).,
Division of fuel cycle.
Division of metallurgy of Uranium and of reactor materials, .
Institute of Nuclear Physics, Rez near Prague:

Cyclotron ( U120M, energy for protons 36 MeV,
Van de Graaf (protons 2-5 MeV).

alpha-particles 40 MeV)

Accelerator department.
Department of Nuclear reactions.
Department of Nuclear spectroscopy.
Collaboration with the Joint Institute for Nuclear studies in Dubna, Russia and access to its facilities.
Institute of Special Inorganic Chemistry, Rez
Partition, extraction, solidification etc.
Institute of Physics, Czech Academy of Sciences, Prague
High Energy physics, detectors.
Collaboration with CERN.

_

Faculty of Mathematics and Physics and Faculty of Nuclear Physics and Engineering, Prague
Experimental reactor VR-1

Nuclear Physics
High Energy Physics
Dosimetry

Nuclear Chemistry
Neutron Physics,
Reactor Engineering.
Reactor Safety.

1

Nuclear Research Institute originally belonged to the Czechoslovak Academy of Sciences, and later to the

Czechoslovak Atomic Energy Commission. It was privatized in 1993.
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§koda Nuclear Machinery Co, Plzen.
This company has built 14 reactors (12 VVER 440, 2 VVER 1000), many testing loops, transport and
storage casks for spent fuel and performed reactor safety studies.
Institute of Thermomechanics, Czech Academy of Sciences, Prague:
Fluid dynamics
Thermodynamics
Dynamic fracture and impact problems
Vibrations
Institute of Nuclear Fuel, Zbraslav
Encapsulation of nuclear fuel
The Liblice symposiums and numerous discussions after it concluded that the Czech ADS program will
deal with the following topics:
Review of the present knowledge on feasibility of transmutation of actinides and fission products
Investigation of nuclear processes in a spoliation target hit by a high energy particle beam.
Determination of optimal target-projectile combination(s).
Specific problems of transmutation of long-living nuclides and neutron economics. Photonuclear
reactions.
Studies of subcritical systems, their geometry and their static and dynamic behaviour. Control of such
systems.
Trends in development of separation techniques. Dicarbollides Extraction and Sorption. Assessment
of approaches developed in other countries.

Studies on technical and economical efficiency of subcritical systems.
Studies of thermodynamical processes in subcritical systems.
Studies of suitable materials for the most exposed parts of subcritical systems.
Feasibility studies of the application of an ADS in the framework of the national nuclear power
program conditions and Skoda's own nuclear power technology manufacturing tradition.
The 1994 and 1995 Liblice symposiums concluded that the Czech Republic has significant theoretical,
experimental and engineering potential and know-how in several fields important for the rapid development
at accelerator driven systems.
Reflecting the strong interest of Czech scientists and engineers and the favorable attitude of Czech
industry and Czech policy makers it was decided to establish an information and coordination center, based
at the Institute of Nuclear Physics in Prague. The main task of this Center will be the formulation and
coordination of national policy in this field. The center will also collect information about the development
of transmutation technologies and assist in establishing contacts and collaboration with similar centres
abroad.
The interest and financial support for this initiative group both from the Czech Energy Board and Skoda
company and the interest shown to these programs by the Ministry of Industry and Commerce is noted as
positive and promising.
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6.3.1.4. INDUSTRIAL PARTNERSHIP

Being one of the first European industrial companies traditionally involved in nuclear power technology
manufacturing, Skoda Nuclear Machinery (NM), Ltd. started the first feasibility studies of the application
of an ADS in the framework of the national nuclear power program conditions and its own nuclear power
technology manufacturing tradition [3,5-8].
Skoda NM decided to concentrate on the LANL liquid fuel (molten salt) concept of the blanket with
an accelerator concept adjusted to the applicability of the redundance principle (modular system). For
example: Several accelerators of lower power could be employed. The use of their integrated proton beams
to bombard the lead target will not only raise the strength of the neutron source but will play one of the
most significant roles of the above mentioned modular systems:
One of the accelerators can be used as a spare in case of e.g. malfunction of one of the other machines,
periodic maintenance and inspection, etc. A concept that assumes accelerated proton beams bombarding
several different targets in various reactor/blanket units also seems to be feasible for the Skoda NM
designers.
The first results of the study mention a series of engineering problems in the area of materials and their
degradation in the fields of intensive high energy particles, both charged and neutrons. The problem of the
window and its life time, the problem of the target and others are proposed to be solved by the already
mentioned modular system principle. The proton channel section, including the window, will be designed
as remotely replaceable, by a vacuum preservation at an optimal level and by a proton channel
contamination prevention. A replaceable window design solution has been proposed as well with the design
of a proton channel closing valve and a quick-operating valve for a window break emergency event.

The obviously high level of complexity, and thus also the price, of such systems produces a need to
accelerate the procedure to reduce the number of options and to go rather into more detailed system design
and engineering in order to reach a realistic technological and economical image of the concept and project
itself.
D.6.4.1.5. CONCLUSIONS

Czech scientists and engineers are fully aware of the fact that the accelerator driven transmutation and
reactors are projects which are too large to be handled individually by small European nations. Scientists
and engineers from the Czech republic consider therefore that a large scale international collaboration is
an essential condition for further progress in this important and promising project and would welcome a
creation of an international coordination body as the first step. In a more - but not too - distant perspective
also the creation of an international institute, laboratory or center specializing in accelerator driven
transmutation and energy production is desirable and will be supported by Czech specialists.
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D.6.4.2.1. INTRODUCTION

The accelerators needed for ADS, especially for the systems producing energy and burning waste,
have to satisfy some minimum technological requirements. This is not a principal problem as for reaching
the necessary level of beam energy. High energy accelerators are quite common in the field of
fundamental particle physics. The accelerator needed for power production, at an energy of 800 MeV, is
in the mid-range of energies for such devices, much higher than those used for cancer therapies in hospitals
(tens of MeV) but much lower than those used for fundamental physics research at the biggest world
centers (thousands of MeV and beyond). This energy is sufficiently high that a single proton colliding with
several nuclei as it moves through the heavy metal target releases about 20 to 30 neutrons which are then
multiplied in number in the surrounding blanket as reported by the scientists of LANL, USA [1].
There are two types of accelerators that could drive the system at approximately 1 GeV and average
currents in the range of 10 to 100 mA. The first option is to use a linear accelerator that would be an
advanced, high intensity version of, e.g. the Los Alamos Meson Physics Facility (LAMPF) 800 MeV
accelerator. The second is to use a circular accelerator, e.g. the 500 MeV ring cyclotron operating at the
Paul Scherer Institute in Switzerland or a series of others of that or similar type. Both of the options can
achieve energy required without difficulty but both require technology development to achieve the
necessary beam intensities. The cyclotron machines, in particular, are limited to currents of 10 to 15 mA
due to the difficulty in adequately confining the beam.
Linear accelerators are foreseen to be able to deliver perhaps 100 to 300 mA of beam current. They
already produce such current in pulsed mode but the technology will have to be extended to provide the
near-continuous operation which would be needed for the highest currents. Although the beam physics for
a continuous operation is a modest extrapolation of that for pulsed operation, significant engineering
development is still needed. A system delivering 15 mA of protons and 800 MeV (12.5 MW of beam
power) can drive a blanket assembly to produce 200 MW of electrical power and so a circular accelerator
is an attractive option at this power level.

To achieve the usual level of approximately 1,000 MWe it possible to apply the LAMPF-like linear
accelerator with much higher current capability, which would allow a single accelerator to drive either a
large transmutor or a small cluster of separate blanket assemblies with a total system power of 1.200 MWe.
In either case only about 15% of the electrical power would be used to drive the accelerator. However, the
exclusive use of only one accelerator unit would represent a weak point of such a systems operational
reliability. On the other hand, the employment of more than one accelerator of such a class would be an
extremely costly approach.
An attractive approach to the achievement of the accelerator parameters needed to employ circular
machines that beside others have an advantage of being more compact systems, has recently been proposed
by Czech scientists [2]. A brief description of their idea is introduced in the following paragraph.
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D.6.4.2.2. JOINING MANY BEAMS INTO ONE WITH INTEGRATED INTENSITY [2]

The proposal is based upon an octupole magnet. A
transversal cross-section of such an octupole magnet is
schematically outlined in Figure 1.
This octupol magnet has two focusing planes (0 =0 and
0=71/2) and two defocusing planes (0 = rc/4 and 0=3 n/4).
Taking the octupol magnet symmetry into account and
maintaining the terms up to the fifth order in the expansion
we may obtain the magnetic field components from the
general expressions for the magnetic field expansion:

FIG. 1. Cross section of an octupole magnet

20
20

(1)

Br

with B0 the field on the pole, a the aperture radius of the octupole magnet, f(z) the function describing the
field distribution along the z axis; the prime denotes a derivative with respect to the z variable.
The joining of two beams into one beam is
schematically outlined in Figure 2.
Let us note that this scheme can be applied to
both twins of the focusing and defocusing planes
of the octupole magnet as mentioned above, so
that totally 4 individual beams being generated
by 4 individual accelerators can be joined to one
beam with an integrated intensity through the
following process:
The charged particle beams (B) enter an
octupole focusing magnet (OF) which deflects
them towards the longitudinal axis z. Behind this
octupole focusing magnet, the beams transit
through solenoids (S). These solenoids focus the
FIG. 2. Funnel of beams
beams in a transverse direction. There is an
octupol a defocusing magnet (OD) behind the
solenoids. It deflects the beams towards the longitudinal axis z. The proximity to the longitudinal axis
can be expressed either by the transverse coordinate of the central trajectory of the beam or by the angle
between the central trajectory and the longitudinal axis. If these two values are in the range of the
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emittances of the entering beams, then the joining is complete.
The general trajectory equations of a particle with charge e and momentum p in the magnetic field
of the octupole magnet take the following form:

(2)

where B =pc/e is the magnetic rigidity. By approximating the field distribution in the octupole magnet
along the axis by a rectangular model (f(z)=l within the octupole magnet and f(z)=0 outside the octupole
magnet) and by confining to the third order terms only, the trajectory equation in an octupole magnet takes
the following simple form:

jc" = -^x(3y2 + x2
Bpa'
(3)
:

-y\Jx2

Bpa

which can easily be applied for checking of the sufficient proximity of the central trajectory to the
longitudinal axis as mentioned above. By varying B0 and a the prescribed precision can be easily reached.
D.6.4.2.3. CONCLUSION

The issue of the achievement of the accelerator parameters needed for energy producing and waste
transmuting ADS plays an important role in the strategy of a convenient technology choice and an overall
optimization of the system. Therefore, the problem was briefly discussed and the current status of
accelerator technology available or that expected in the near future has been outlined. There exists a series
of specific approaches to the achievement of the accelerated charged particle beam intensity. However,
one which was proposed recently [2] seems to be very efficient and in spite of the fact that it is still
currently being analyzed and developed to a practical application in ADS technology it has been introduced
here. It is likely, that such an approach would allow employment, in ADS of broadly applied circular
accelerators, with a lower level of beam intensity, in a similar manner and with comparable efficiency to
the high beam current producing LINACs. Moreover, the principal features of the complex employment
of several units which can adjust their output parameters in a certain interval will very likely allow to leave
at least one unit to be left out of operation for repair or exchange while the whole ADS remain in full
power operation.
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E. SAFETY ASPECTS
H.U. Wider, JRC Ispra, EC, Italy
E. 1. BASIC SAFETY FEATURES OF ADS
E. 1.1. ACCIDENT TYPES
In this overview it is assumed that in an accelerator-driven system (ADS) the same type of accidents
can be envisaged as in critical reactors. The ADSs proposed in this State-of-the-Art report include fast
systems with solid fuel and Lead or sodium cooling (also gas cooling was discussed at one time}, fast
systems with circulating molten salt/minor actinides, thermal systems with circulating molten salt/minor
actinide/Pu and graphite moderation and thermal systems in which the latter mixture or a water/oxide slurry
is circulated in pipes and heavy water is used as moderator.
The generic accidents that can occur in low pressure fast or thermal systems are cooling-failure
accidents, either due to a rapid primary flow decay caused by loss of power to the pumps (Loss-of-Flow:
LOF) or due to the loss of the heat sink (LOHS) due to loss of power to the pumps in the heat removal loops
or to the feedwater pumps. For a gas-cooled fast reactor the loss of coolant accident (LOG A) is a possibility
if a sudden depressurization occurs due to a leak. For the low pressure systems the loss of coolant accident
is of low probability and a guard vessel should assure that the coolant cannot escape completely. Decay heat
removal problems can also lead to accidents, e.g. if the diesels driving the blowers for the forced convection
cooling in a gas-cooled system fail to start.
The ADS systems mentioned in the Studies of Accidents in Reactors (SOAR) are also susceptible
to reactivity accidents which are called Reactivity Induced Accidents (RIAs) for thermal reactors and
Transient Overpower (TOP) accidents for fast reactors. All types of ADSs that have some control rods could
experience an inadvertent withdrawal of the latter. In pressurised systems the blow-out of one control rod
cluster is considered to be a possibility. Since ADSs will probably use fewer control rods than a critical
reactor this will reduce the potential for reactivity accidents. Different types of reactivity insertions can also
be postulated due to the inadvertent insertion of moderator material in a fast system, accumulations of fissile
material in a system with circulating salt/fuel or earthquakes causing core distortions. The proposed sodiumcooled fast ADS will probably have a positive void coefficient which could lead to a reactivity excursion if
the sodium overheats and boils. If the core of a fast ADS melted down there would be the potential for the
core to slump down and form a molten pool in which molten fuel sloshing can occur. These fuel motions can
also cause reactivity ramps.
Whether an ADS-specific accident due to a sudden and significant increase of the accelerator power
above its nominal value is possible, is not clear at this time but it should be investigated whether such
increases are possible.
E. 1.2. PREVENTION OF ACCIDENTS IN ADSs

As for critical reactors a high quality of the safety grade components, their inspectability and an inservice inspection programme during the whole reactor life are necessary. Components which should be
particularly reliable are the accelerator shut-off system and the decay heat removal systems. The design of
the ADS should ideally be such that it cannot lead to a severe accident or that accidents develop slowly
enough so that there is time for a corrective response. Because the shut-off of the neutron source is of major
importance for cooling-failure accidents it is discussed below and compared with shutdown systems in critical
reactors.
E. 1.3. SWITCHING OFF THE ADS NEUTRON SOURCE IN CASE OF AN ACCIDENT
The reactor part of an ADS is a subcritical neutron-multiplying medium with a more or less powerful
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neutron source. If one switches the external (spallation) neutron source off, the power will decrease to decay
power levels. This will occur at a faster rate for larger neutron sources and their corresponding initial
subcriticalies.
As will be discussed in the later sections on major cooling-failure accidents without beam shut-off,
the rapid turning off of the neutron source is central for avoiding a core melt at least in fast systems with solid
fuel. This is because the neutron source prevents a rapid power decrease even if some negative feedbacks
come in [1] - see also the later discussion of cooling failure accidents in ADSs without beam shut-off.
For reactivity accidents in ADSs - even rather strong ones - the switch-off of the source may only
be necessary after some time in order to prevent a limited core damage. The reasons for this will also be
discussed in the later sections on reactivity accidents in which the source is left on.

E.I.3.1 Scramming a Regular Critical Reactor in Case of an Accident

To switch off the neutron source in an ADS is similar to the scramming of a critical reactor by
rapidly inserting control rods. In reactor types in which a loss of coolant doesn't lead to a strong negative
reactivity (i.e. gas cooled thermal reactors or thermal CANDU and sodium cooled fast reactors which even
lead to positive void reactivities) a scram is an essential safety requirement in a major cooling failure accident
at full power. PWRs or BWRs shut down by themselves in LOCA or station blackout accidents but it will
be impossible to establish proper decay heat cooling if the scram is not actuated. The only type of reactor
that could have survived a major cooling disturbance (LOF, LOHS) without scram would have been the now
abandoned US Integral Fast Reactor (IFR) with metal fuel [1]. Even the Swedish PIUS concept uses a scram
by adding large amounts of borated water into the core region in case of a cooling failure accident [2].
Reactivity insertions in LWRs or fast reactors at full power due to the inadvertent withdrawal of
control rods, the ejection of a control rod cluster in a PWR or the dropping of such a cluster in a BWR require
a fast scram in order to avoid core damage. The introduction of cold and unborated emergency cooling water
into an LWR can also introduce an RIA which has to be terminated by a scram. All reactors have a certain
potential for reactivity accidents and the main line of defence against them is the scram. The fact that an ADS
can overcome sizeable reactivity insertions without a fast scram (see E. 1.5.1 and E.I.5.2) is a unique property

of this system.
E.I .3.2 Comparison of a Reactor Scram and Switching-off an Accelerator Beam

The delay time from the trip signal to a control rod release is about 0.5s for an LWR [3] and this
delay will be similar for activating the beam shut-off system of an ADS. However, turning off the current to
an accelerator should be considerably faster than the mechanical insertion of control rods which takes about
1.5 - 3s in an LWR [3] and should be less for fast reactors cores which are smaller.
Comparing the redundancy and diversity of a shutdown system with that of the beam shut-off system,
the latter has a disadvantage because it is only one beam that can be shut off whereas many - even different control rods can be inserted and e.g. in an LWR and an alternate shutdown mode is possible through the
insertion of borated water. However, many diverse trip signals can feed into the beam shut-off.
Because the beam shut-off is mainly important for cooling failure accidents, the current to the
accelerator should be coupled to the electrical current driving the primary pumps, the pumps for the secondary
and - if existing - tertiary loops and also to the feedwater pumps. A different and fully passive system to
shut the neutron source off, could involve the dropping of the spallation target by using a support made of
a low melting point metal which would heat up and melt in a cooling failure or slow reactivity accident. The
target could also be magnetically supported and if the magnets reached the Curie temperature, the target
would drop. Another shut-off system could consist of deflecting the proton beam by demagnetising a
magnetic lens through the cutting off of its current by bi-metallic devices located at the core outlet. In the
ADS design by Rubbia, which is described earlier in this report, a passive beam interrupt devise is based on
the rising Lead coolant level due to a cooling failure and leads to the overflow of the Lead into a container
which is in the path of the proton beam. This appears to be a reliable and clearly transparent passive beam
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shut-off system.
E.1.4. COOLING-FAILURE ACCIDENTS IN ADSS WITH THE SPALLATION SOURCE STILL ON

E.I.4.1 Loss-of-Flow Accident in a Sodium-cooled Fast ADS
In chapter E.I.7 calculations of LOF accidents in a large fast ADS (SOOMWe) are discussed and
compared with those of a corresponding critical reactor. The main results are that fast sodium-cooled ADSs
with their source still on Lead to much lower and wider power peaks than in the critical reactor. These power
increases are caused by the positive sodium void reactivity. The power in the ADS also rises somewhat earlier
because the negative feedbacks due to Doppler, axial expansion and structure feedbacks do not decrease the
power as much as in a critical system (see also [1]). The sodium voiding phase is considerably longer lasting
but pin failures still occur earlier in an ADS. Once strong negative feedbacks come in due to dispersive fuel
motion, the power decreases much less than in a critical system. This is due to the neutron source which
makes the ADS less sensitive to feedbacks (positive and negative ones). This "inertia" of the ADS to
feedbacks has been recognised earlier [4].
The more subcritical an ADS, the more the above statements hold, i.e. the initial power peak becomes
even lower, but after a strong negative feedback comes in, the power doesn't decrease much. The latter will
lead to a complete core meltdown unless the spallation source is switched off. Two calculations with a
simulated beam switch-off show that the ADS can be safely brought to decay power levels if the turning off
is done before much sodium voiding has occurred. The later the switch-off takes place, the more core damage
is likely. If the switch-off is too late, the meltdown will proceed by fuel slumping down leading to a molten
fuel pool. Fuel sloshing around can lead to recriticalities and a power excursion [5]. A basic reason for this
possibility is that a fast system is not in its most critical configuration initially.
On balance a sodium-cooled ADS would have advantages over a critical fast reactor with regard to
LOF and probably LOHS accidents in which no beam switch-off or reactor scram is considered. This is
mainly because no rapid power excursions are possible at least when the ADS is in its initial configuration.
A smaller but still important point is that the phenomena such as sodium boiling and pin failures in different
parts of the core are stretched out in time and therefore easier to detect. That a beam switch-off is necessary
for an ADS during a LOF accident is similar to the necessity for a scram in a regular fast reactor. Both
systems have the potential for recriticalities if the beam isn't shut off or a scram is not activated. With regard
to regular decay heat removal, both systems can rely on passive natural convection cooling with the liquid
sodium. With regard to post-accident heat removal both systems have equal uncertainties whether an in-vessel
coolability is possible or not. Also both systems have the potential for sodium fires and sodium/water
interactions.
E.l.4.2 Cooling Failure Accidents in Gas-Cooled Fast ADSs

Relative to sodium-cooled fast ADS, a gas cooled variant has the advantage that there is no
chemically reactive coolant and that there will be no positive reactivity effect due to a decrease in the coolant
density. Moreover, it may be possible to use water cooling in a post-accident heat removal situation if a
properly designed in-vessel or ex-vessel core catcher could be designed that avoids recriticalities.
On the other hand there is the possibility of a LOCA accident if a leak occurred in the pressurised
primary system. LOF and LOHS accidents are also possible. In all these cooling failure type accidents the
timely switch-off of the accelerator beam is also crucial for avoiding a core melt. If a core melt occurred it
could lead to recriticalities as in the sodium-cooled ADS. A significant disadvantage is that the regular decay
heat removal can not be done in a passive natural circulation mode (or at least not for larger systems), hi a
shutdown condition with no electricity available, the forced convection cooling has to rely on diesel
generators.
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E.I.4.3 Cooling Failure Accidents in Lead Cooled Fast ADSs

Lead cooling has many safety advantages relative to sodium cooling. Hot Lead does not react
chemically with air or water. Equally or more important is that it is a very weak moderator that will not lead
to a significant spectrum change or positive reactivity effect when the coolant should experience a decrease
in density due to heating of the coolant or due to boiling and voiding. In comparison to a gas coolant, Lead
would be at much lower pressure and would not be susceptible to a Loss-of-Coolant Accident (LOGA). A
leak of the primary vessel would only lead to the flowing of the low pressure coolant into the surrounding
guard vessel.
A disadvantage of a Lead coolant is its high melting point of 327°C which probably requires
electrical heaters during reactor start-up and possibly also at very low decay power levels. The failure of such
electrical heaters could lead to some Lead freezing and blockage formation which could impede the coolant
flow in the core. However, it should be investigated whether conduction cooling would not be sufficient for
very low power conditions.
In the conceptual design of C. Rubbia (see chapter D.3), presented earlier in this SOAR, Loss-ofFlow (LOF) accidents due to pump failures cannot occur because the Rubbia design is based on natural
convection cooling. However, a Loss-of-Heat Sink (LOHS) accident is still conceivable if e.g. the steam
generators dried out due to a loss of feedwater. For the LOHS accident or for slow but long lasting reactivity
insertions (see chapter E. 1.7) these could lead to a partial or full meltdown of an ADS if the proton beam was
not interrupted or the accelerator switched off. The Rubbia design includes a passive shutdown device based
on the rise of the coolant level caused by the heating up of the Lead coolant. As explained earlier this will lead
to the overflow of the Lead into a container that is in the path of the proton beam which will thus become
a new target on top of the reactor. This would rapidly decrease the reactor power, and thus, the coolant
temperature.
However, the decay heat would slowly increase the coolant temperature again, In the Rubbia design,
the renewed and further level swell will lead to an overflow of the Lead into the relatively small gap between
the main and the guard vessel and will largely increase the heat transfer between the two vessels, this will start
a natural air convection cooling of the guard vessel. This type of decay heat removal, which was earlier
proposed by the US ALMR programme, has the disadvantage that the containment has to have openings
(which could possibly be closed in an emergency). An alternate way for the decay heat removal could be invessel Lead-air heat exchangers.
E.I.4.4 Coolant Failure Accidents in Thermal ADS with a Circulating Salt/Fuel Mixture.

An important advantage of thermal systems is that they have a lower power density than fast systems
(for the same power, their cores are therefore much larger than those of fast ADSs). This makes the heating
up of a core slower in a LOF or LOHS accident and allows more time for the detection of off-normal
conditions. Moreover, the thermal expansion and the potential boiling of the salt/fuel mixture will reduce its
density and will decrease the full power to a certain degree. However, this would lead soon (possibly within
minutes) to extensive boiling and pressure generation if the accelerator wasn't switched off. If the switch-off
wouldn't take place, the spallation source might melt, disintegrate and lead to neutronic shutdown before the
primary system would be challenged.
A positive safety feature of this system is also that a problem with the decay heat removal does not
lead to a rapid heating up of the primary system but allows tens of hours to re-establish the regular decay heat
removal (Bell, 94). This is due to the fact that about 2/3 of the fuel is not in the core but in a natural •
circulation mode in the primary system which therefore gets heated up in its entirety. A smaller fluid fueled
ADS (< 800 MW,)
will probably loose all the decay heat to the surrounding. For a larger ADS of this type,
the salt/fuel mixture will eventually have to be drained into a cooled reservoir. (In contrast a fast ADS with
liquid coolant could have relatively small coolant/air heat exchangers which can passively remove all the
decay heat from the primary system).
Another advantage relative to ADS systems with solid fuel is the on-line removal of short - lived
fission products which will considerably reduce the fission product inventory.
Certain problems with the salt/fuel ADS could be due to the precipitation of the heavy fuel or minor
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actinides which might lead to a temporary increase in density of the latter in the core. As will be discussed
under reactivity accidents, this would lead only to a limited increase in power. However, one could also
imagine that such a precipitation could lead to an accumulation somewhere in the primary system away from
the graphite moderator and lead to a fast criticality. However, such an accumulation may blow apart without
doing damage to the strong primary system.
An interesting problem for fluid fuel/molten salt systems may be a strongly positive temperature
coefficient for a pure salt / Pu / minor actinide mixture because no 23*U or232 Th, with their absorption
resonances, is present [6]. If this were true, a LOF or LOHS would lead to some power increase rather than
decrease during the heating up of the salt/fuel mixture if the beam was not switched off.
A potential problem is also the explosive interaction between molten salt and water [7] which could
occur in the Russian design in which molten salt / fuel is pumped through pipes which are surrounded by
heavy water. In such a system a leak could lead to a molten salt / water explosion which could destroy other
pipes and lead to a propagating explosion. In the LASL design there could also be a potential problem if
water was used in the secondary loop .
A genera] weakness of a molten salt / fuel design is that it is a relatively "dirty" system in which
radioactive material gets into the pumps and heat exchangers and makes the inspection of these important
components difficult A related problem is that the vessel is the first safety boundary and if a leak occurred,
the whole containment would be radioactive.

E. 1.5. REACTIVITY ACCIDENTS WITH THE ACCELERATOR BEAM STILL ON
£.1.5.1 TOP Accident in a sodium cooled fast ADS

In chapter E.3. calculations of reactivity accidents in the same sodium-cooled ADSas used for the
case described in E.2. are discussed and compared with reactivity accidents in an equivalent critical fast
reactor. The results are rather clear. The sodium cooled ADS has no significant problems to cope with very
fast and medium ramp rates (170 $/s for a total insertion of up to 2.65 $ and 6 $/s for a total insertion of
up to 3$) - the subcriticality of the ADS was -3$ in the first case and -5$ in the second. The corresponding
runs for the critical system gave power peaks of around 2000 times nominal and led to complete core
destructions.
For a rather slow ramp of 10 c/s inserted for 30 s to give a total insertion of 3$, the critical reactor
will lead to pin failures in 1 out of 10 calculational channels. The negative feedback from the fuel dispersal
makes the net reactivity low enough to prevent further failures. In the corresponding ADS case with a - 3$
subcriticality, a failure of one channel occurred also - but later, for a -5$ subcriticality it occurred even later,
and for a subcriticality of -10$ not at all.
For fast ramp rates, which could not be counteracted in a timely manner by a scram in a regular
reactor, the ADS behaves benignly. For slow ramp rate accidents the ADS may lead to late failures and
limited core damage if the beam is not shut off and the subcriticality is not large enough. However, since a
beam shut-off system has to be in place for cooling - failure accidents, there is probably no need to go to low
subcriticalities to avoid late pin failures. The unscrammed regular reactor will definitely experience some
limited core damage for slow ramps which will probably not spread to the rest of the core.

E.I.5.2 TOP and RIA Accidents in other ADSs

The gas cooled fast ADS should behave similarly benignly when subjected to fast transients. For
slow ramp rates and late pin failures, the fuel dispersal may be more limited in a gas cooled system and give
less of a negative feedback which could lead to further pin failures.
A thermal ADS with a molten salt/fuel mixture will also react benignly to fast ramp rate insertion
[Bell, 94]. For slow reactivity insertions, the advantage is certainly that no pins can fail in the fluid-fueled
system and that it can probably survive an enhanced power situation without problems.
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E. 1.6 CONCLUSIONS
The ADS has a clear advantage for coping with fast ramp rate accidents which would occur too
rapidly for scram systems in regular reactors. This ability to overcome fast reactivity insertions is important
to avoid Chemobyl type power excursions.
In cooling-failure accidents without beam shut-off, rapid power excursions are not possible - even
for positive void worth cores. However, the power of an ADS cannot be decreased very much due to negative
feedbacks. The only way to decrease the power to decay heat levels is the switching off of the accelerator
beam - otherwise a core melt will occur in a cooling failure accident (which would eventually happen in
LWRs too if no scram were activated). Therefore emphasis will have to be put on a highly reliable beam shutoff system in an ADS. If the ADS had a low pressure cooling system and a guard vessel there could be no
problems with Loss-off-Coolant Accidents (LOCA). Of general importance for safety in any reactor type
as well as for ADSs is a reliable emergency decay heat removal system which should preferably be a passive
system.
Comparing fast ADS with solid fuel and thermal ADS with a circulating salt/fuel mixture a few
points are important. The thermal systems have a slower response time in accident situations which makes
the detection of the off-normal conditions easier. In severe accident situations without beam switch-off, the
salt/fuel will expand and boil and could lead to leakages whereas the fast system could melt down and
possibly lead to a recriticality which could cause a power excursion. In the salt/fuel system pumps and
primary heat exchangers are all radioactive and therefore difficult to inspect. Moreover, there are uncertainties
about the precipitation and accumulation of fuel and minor actinides leading to mild excursions and there is
also an uncertainty about the temperature coefficient of reactivity.
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E.2. FIRST INVESTIGATIONS OF THE BEHAVIOUR OF AN ACCELERATOR DRIVEN FAST
OXIDE REACTOR DURING AN UNPROTECTED LOSS-OF-FLOW ACCIDENT
E.2.1

INTRODUCTION

A new concept for an Energy Amplifier (EA) has been proposed by C. Rubbia [8]. It consists of a
subcritical fast system that is driven by the proton beam of a compact cyclotron which hits a target in the
reactor and generates about 50 fast neutrons per proton through a spallation process. The proposed F-EA
is cooled by Lead and uses 233U/232Th fuel.
Safety considerations of such new approaches and in particular the investigation of severe accident
conditions are important. An investigation of a severe reactivity accident was earlier undertaken [9].
Although the reactivity ramp used was rather steep and it started from initial reactor conditions this study
showed that accelerator driven fast systems are rather insensitive to fast reactivity insertions.
The present study deals with a Loss-of-Flow accident in which the primary pumps are assumed to coast
down (e.g. due to a station blackout) and which can lead to a major coolability problem for a fast reactor
if no scram occurs. Different from the study above in which only the point kinetics and the Doppler
feedback were considered, this study used the EAC2 code [10,11] which calculates coolant heating up and
voiding, fuel pin heating up and axial expansion, pin ruptures and subsequent molten fuel motion inside
the pins and in the coolant channels. The reactivity feedbacks due to axial pin expansion, sodium voiding,
fuel motion as well as the Doppler feedback are considered. So far only sodium cooling has been
considered. The subcriticality is simulated by a programmed negative reactivity. To simulate the spallation
neutrons coming from the target a source was introduced into the point kinetics module. This represents
a source that is uniformly distributed in the reactor which is only a simple approximation for the real case
of a central neutron source. The reactor under consideration is a 800 MWe reactor design used in the
European WAC benchmark calculations [12]. The pump coastdown times and a negative ramp of -2
cent/s, which roughly simulates a structural expansion feedback, were taken from the WACLOF
benchmark. The core set-up with half of the fuel near fresh and the remainder with a bumup of 275 days
and the dividing of the core into 10 representative calculational "channels" were also taken from the
WACLOF benchmark. Since this benchmark dealt with a sodium coolant, the comparison calculations
were also made for sodium cooling. The investigation of the accident behaviour with Lead cooling may
be a further step.

E.2.2. CALCULATIONAL RESULTS

Figs 1 and la show the EAC-2 results for the standard WACLOF case. The important reactivity effects
all occur within one second. Sodium voiding gets the total reactivity to prompt critical despite negative
Doppler and axial pin expansion reactivities. Subsequently the fuel pins fail near the midplane and some
in-pin fuel motion towards the failure location leads to positive reactivity effects (see the small positive
peak of the total reactivity) and this leads to superprompt critical conditions and a power peak of 1800
times nominal. Once the fuel moves in the coolant channels away from the midplane, the fuel motion
reactivity becomes strongly negative and shuts the reactor down. However more than 85 % is of the fuel
is now molten. The integrated power measured from the first pin failure is 4.5 full power seconds
Fig.2 and 2a show a modified WACLOF case for which stress failure criteria were used for failing the
pins. These mechanistic criteria lead to earlier pin failures than the melt fraction criteria in the original case.
This leads to a more limited in-pin fuel motion to the pin rupture site, and thus, only to a power peak of
265 times nominal and only 1.8 full power seconds integrated power after the first pin failure .
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Reactivities causing the power history in Fig.l.

Fig.3 and 3a show the results of a run in which the WAC reactor was initially subcritical by -3$ and
an accelerator driven neutron source was active and provided the neutrons necessary to maintain nominal
power. The negative ramp of -2 cents/s was maintained in order to compare with the WACLOF case. For
the pin failure criteria the melt fraction criteria from the WACLOF benchmark were also kept (70%
maximum areal melt fraction for irradiated pins and 90% for fresh pins). The main difference in this
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Reactivities causing the power history in Fig. 2.

calculation is that the power rises to only 5 times nominal and that the total reactivity gets only slightly
above delayed critical. It can also be seen that the time from the onset of sodium voiding to the onset of
fuel motion (i.e. pin failures) is about 3s, and thus, about 3 times longer than in Fig.l. However, fuel
melting also occurs and leads to the failure of 3 of the 10 calculational channels. The subsequent fuel
dispersal reduces the total reactivity to -10$, but the power reduces only to 0.3 times nominal because the
neutron source is still on. This is further addressed in the discussion of Fig.5 below The integrated power
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from the first pin failure to reaching 0.3 times power is 1.5 full power seconds.
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In Figs. 4 and 4a the WAC reactor was initially at -10$ and the neutron source active and providing
more neutrons than in the previous case. The power rises to only 1.4 times nominal and the time between
voiding onset and pin failures is extended to 6s. The pins fail in 3 calculational channels and lead to molten
fuel dispersal which causes a decrease in the total reactivity to -15$. However, the power only decreases
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Reactivities causing the power history in Fig. 4.

to about 0.7 times nominal because of the relatively strong neutron source which is assumed to be still
active. This rather high longer-term power level will lead to more core melting (see discussion of Fig.5).
The integrated power from the first pin failure to reaching 0.7 times nominal power is 2.8 full power
seconds. However, with the power remaining at 0.7 the integrated power would continue to increase with
each additional second by 0.7 full power seconds . The EAC2 results presented in Figs. 4 and 4a cannot
be considered very reliable because the cladding melted in this case before the fuel and EAC2 does not
model molten cladding motion. The latter would have introduced additional positive reactivity and reduced
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the fuel dispersal.
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Comparison of later power histories with core configuration fixed.

Fig 5 shows the later power histories in three cases no initial subcnticahty, -3$, and -10$ initial
subcnticality These power traces are based on the final configurations calculated by the thermo-hydraulic
models (near the ends of Figs 2, 3, and 4) and a continuation of the calculation solely with the point
kinetics model It can be seen that the power in the subcntical cases decreases only rather slowly (and the
decrease is even partially due to the negative ramp of -2 cents/s which is still introduced) The maintaining
of a relatively high power level due to the still active neutron source will cause the reactor core to melt
down further unless the neutron source is switched off
Figs 6 and 6a shows the power history and the reactivity histories for the -10$ case including a switchoff of the accelerator beam starting at 12 3 s and decreasing with

e""
where was chosen to be 0 1 s The switching off of the source reduces the power level drastically The
effect of the switchmg-off of the source is similar to the introduction of many control rods in a critical fast
reactor When the source was switched off the core was already hot enough to cause sodium boiling
However, the latter removed enough heat from the core so that the liquid sodium could re-enter and the
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remaining small flowrate suffices to cool the core at the low power

Fig 7 and 7a show the power and reactivity histories for the -3$ case with the same switch-off of the
beam as in Fig 6 However, due to the smaller subcnticahty, the power doesn't drop as fast as in the case
with the 10$ subnticahty and the lead channel becomes vapour bound i e the liquid Na cannot penetrate
anymore Whether the cladding in this channel will start melting or whether the liquid sodium can
eventually get back into the channel depends on a more detailed calculation At any rate, it would have
been better to shut the beam off earlier
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E.2.2.1 Means of shutting off the beam
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Reactivity changes responsible for power history in Fig. 6.
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Power of-3$ case with source switched off a little too late.

One can think of passive means to switch off the effect of a spallation source in case of an accident in
which the coolant heats up. For a liquid lead target that is located in the middle of the core and hit by a
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Reactivity changes responsible for power history in Fig. 7

proton beam from above, one could use a metal plate with a low melting point as the bottom of a container
for the target. If the cooling of the core and the target decreased, this bottom plate would melt and the
liquid target would run down. The proton beam would then hit the target below the core where the neutron
multiplication is low. - Off course all means for detecting coolant overheating (many different
thermocouple indications, the de-magnetising of magnets) which are used in present LMFBRs for
activating control rod insertion could also be used to switch off the cyclotron. Moreover there could be a
connection between the electric current to the coolant pumps and the cyclotron which would cut the current
to the latter off when the current to the primary or secondary pumps decreased.
E.2.3. CONCLUSIONS
The main safety advantage of a subcritical fast system driven by a spallation source is that no power
excursions leading to high power levels are possible for positive reactivity additions which are of the order
of the subcriticality. The possibility of power excursions during the initiation phase in present Fast
Reactors is a disadvantage with regard to safety (recriticalities in the subsequent transition phase, postaccident coolability problems and sodium fires are the other ones)
An important remaining problem for subcritical fast systems undergoing a Loss-of-Flow or Loss-ofHeat-Sink accident is that a core melt-down cannot be prevented unless the spallation source is switched
off (in present fast reactors the control rods have to be inserted to prevent a core melt down - it could be
argued that the activation and the insertion of control rods is more complex than switching off an
accelerator beam). If the spallation source is not switched off in any accident at full power, the latter will
not decrease strongly even if a considerable negative reactivity has been introduced (e.g. negative Doppler
feedback,..)
As a general tendency it was confirmed that accelerator driven systems react benignly to the
introduction of rather strong positive reactivities. On the other hand, massive cooling disturbances lead to
core melting at low power if the accelerator beam is not switched off. Therefore investigations into passive
means for shutting off the proton beam are of importance.
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E.3. INVESTIGATION OF REACTIVITY ACCIDENTS IN A LARGE SODIUM-COOLED ADS
In this study the same 800 MWe fast reactor design is used as in the study of LOF accidents in chapter
E.2. However, in this investigation all 10 channels which represent the core were irradiated for 275 days.
Different reactivity ramp rates of 170$/s, 6$/s and 10 cents/s were investigated and the total reactivity
insertions were h'mited to $2.65 and $3. The source strengths and the corresponding subcriticalities were
also varied in some cases (between -3$ and -20$).
E.3.1. 170 $/S TOP CASES WITHOUT AND WITH SPALLATION SOURCE

The first case considers no external source and an insertion of up to 2.65 $. It is based on an old FZK
benchmark case for space-time kinetics [13]. It should be mentioned that this ramp rate starting from steady
state is probably unrealistic but it's slope is similar to the calculated voiding ramp rate shown in Fig. lOa.
This benchmark case was earlier investigated by [9] with a point kinetics model and a point model for a
reactor taking into account only the Doppler reactivity feedback. By recalculating this case with the EAC-2
code [10] important additional feedbacks due to axial fuel expansion, sodium voiding and fuel motion are
also being considered. The results for the regular reactor case are shown in Fig. 1. The first two power peaks
are due to the driving ramp and the counteracting Doppler and axial expansion feedbacks. The second peak
is lower because of the axial expansion feedback which gets more negative due to fuel melting and
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FIG. 1.

Power history for 170 $/s TOP case without the neutron source.

expansion. The first pin failures due to cladding strain occur soon afterwards and lead to some voiding and
fuel dispersal. At some time the voiding reactivity is not compensated anymore by the negative fuel
reactivity and goes above prompt critical. The rapid power rise leads to stress failures which cause more
voiding and the large power peak. However, eventually the fuel dispersal dominates and terminates this
power excursion. At the end the entire core is molten and about 18 full power seconds of energy went into
this power pulse.
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Reactivities causing the power history in Fig. 1.

The corresponding case with an external neutron source and a -3 $ subcricticality behaves benignly as
can be seen in Fig. 2. The case was actually run up to 92 seconds when the power was 1.27 times nominal.
After 60 s a few pin meshes indicated strain failures. But no fuel ejection was predicted because EAC-2
starts fuel ejection only when 25% areal melt fraction is reached and this did not happen. Most likely fission
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FIG. 2.

Power history for 170 $/s case with the spoliation source and -3 $ subcriticality.

gases will get released under these conditions. On the one hand there is some time to switch off the
spallation source and on the other hand one could make the subcriticality larger.
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Power history for 6 $/s TOP case without the spoliation source.
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Reactivities causing the power history in Fig. 3.

E.3 2. 6 $/S TOP CASES WITHOUT AND WITH SPALLATION SOURCE

The first case is without external source and the ramp is introduced up to 3 $. It should also be
mentioned here that this is a very unlikely ramp rate Figs 3 and 3a show only the time interval from 0.4
to 0.5 s because nothing special happens before When the pins start failing and ejecting fuel, a rapid
sodium voiding starts. The energy produced is about 9 full power seconds and the core is about 90%
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Power history in 6 $/s TOP case with source and -5$ subcriticality
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molten This large peak is still less powerful than the one shown in Fig la This is due to an earlier rapid
fuel dispersal in this case and in turn due to initial failure locations that are higher up
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The case with external source and a -5$ subcnticality is shown in Figs 4 and 4a The case was run out
to 92 s and did not show any failure although the power at 92 s was 1 37 times nominal With a
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subcriticality of only -3$ a strain failure led to fuel ejection in one channel. This caused enough of a
negative reactivity to prevent failures in the other channels.
E.3.3. 10CENT/S TOP CASE WITHOUT AND WITH EXTERNAL SOURCE
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The first calculation is for a regular fast reactor and the ramp inserts up to 3$. These slower ramp rates
are considered more realistic but still of low probability. The power and reactivity histories are shown in
Fig. 5 and 5a. The power rise is rather uneven and this is due to the axial fuel expansion reactivity which
reflects the loss of fuel/clad contact in different channels which is modelled in the TRANSURANUS pin
behaviour code [4] which is part of EAC2. This case leads inevitably to the failure of one calculational
channel. The negative reactivity from the fuel dispersal just prevents another failure.
The alternate case with source uses a -10 $ subriticality to avoid any failure - Figs 6 and 6a. At 92 s the
power level is about 1.3 times nominal. In another case a -$20 subcriticality was tried. This led to a power
level of 1.15 times nominal at 92 s. With a -3$ subcriticality a strain failure occurred at 30 s at a power
level of 1.65 times nominal power. With a -5$ subcriticality a strain failure occurred at 60s at 1.4 times
nominal power. This means that one still gets the failures leading later than for a critical reactor and if one
wants to avoid these failures one has to go to a larger subcriticality.

E.3.4. CONCLUSIONS

For fast or medium fast reactivity ramps the ADS has a major advantage in coping with such serious
reactivity accidents. For slower ramps there is still somewhat of an advantage because pin failures will
occur later or one can avoid them with a larger subcriticality. Moreover, they can be avoided with larger
subcriticalities
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F. CONCLUSIONS AND RECOMMENDATIONS
ADS have the attractive potential to broaden and revitalize nuclear power. ADS address the main
concerns and worries of the public regarding nuclear energy. There are still many questions which have to
be answered before the engineering design of ADS can become a reality but already today the following
points can be made:
(1)
ADS offer a subcritical mode of operation for nuclear power systems, and make them flexible from
the operational point of view.
(2)
ADS reduce the long-lived waste burden and offer the way to transmute existing nuclear reactor
waste.
(3)
A well designed ADS can ensure a proliferation-resistant fuel cycle and fuel treatment.
(4)
ADS open a promising way to utilize Thorium resources for energy production.
(5)
ADS offer an alternative way to utilize the existing excess of weapons-grade Plutonium for energy
production.

Economic and technical developments throughout the world should not be achieved at the expense
of the environment. In this context ADS is an attractive option which research institutes and industry should
develop and offer to the international community.
The international cooperation under the auspices of international organizations could be focused on:
1

3
4.
5.
6.

Encouraging and stimulating ADS research in the different countries, particularly in the fields of:
a)
Assessment of accelerators as drivers for nuclear subcritical systems
b)
Transmution of nuclear wastes from commercial nuclear power plants, with special
attention to reactor grade Plutonium stocked in the wastes
c)
Utilization of the excess of weapons-grade Plutonium for power production
d)
Introduction of the Thorium nuclear fuel cycle
e)
Non-proliferation / aspects of the ADS-fuel cycle
f)
Safety assessment of ADS
g)
Impact of ADS on the radiotoxicity of the fuel cycle
Preparing the evaluation of possible synergetic nuclear energy systems based on different scenarios
e.g. LWR - FBR - ADS, LWR - ADS etc.
Supporting international efforts to organize demonstration experiments on ADS
Extending the nuclear data research into the reactions and energy regions of interest for ADS
Organizing meetings for information exchange and for coordination of further international efforts.
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