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FOREWORD

Nuclear data for applications constitute an integral part of the IAEA’s programme
of activities. In recent years, the traditional emphasis on energy applications, in terms
of nuclear power reactors and related neutron reaction data, has been gradually shifting
towards non-energy applications. This shift could be viewed as a response to increasing
user demands for data describing nuclear interactions with charged particles and photons.

Photons are commonly produced as bremsstrahlung radiation by electron accelerators.
These are relatively simple machines present in many hospitals, industries and laborato-
ries. Photonuclear data, describing interactions of photons with atomic nuclei, are of
importance for a variety of applications. These applications span from radiation shield-
ing and radiotherapy to inspection technologies and possibly nuclear waste transmutation.

In response to growing needs for photonuclear data, in the 1990s, a number of laborato-
ries worldwide became engaged in the development of their own or national photonuclear
data libraries. There was no international co-ordination of this effort, and consequently
no effort to create an internationally recognized photonuclear data library.

In this situation the IAEA initiated a Co-ordinated Research Project (CRP) on Com-
pilation and Evaluation of Photonuclear Data for Applications. The project, coordinated
by the IAEA between 1996 and 1999, produced three major results: the TAEA Photonu-
clear Data Library; the present Handbook on Photonuclear Data for Applications; and
additions of compiled experimental photonuclear cross-sections in the EXFOR database.

The TAEA wishes to thank all the participants of the CRP and other scientists for
their work that led to the creation of the Photonuclear Data Library and for their contri-
butions to the present TECDOC. The assistance of M.B. Chadwick (chair), A.I. Blokhin,
T. Fukahori, Y.-O. Lee, M.N. Martins, V.V. Varlamov, B. Yu, as well as Y. Han, S.F.
Mughabghab, and J. Zhang in the preparation of this publication is gratefully acknowl-
edged. The responsible IAEA staff member for this report was P. Oblozinsky, Division of
Physical and Chemical Sciences.
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Chapter 1

Introduction

Photons are commonly produced as bremsstrahlung radiation by electron accelerators.
These are relatively simple machines (generally small linear accelerators, sometimes mi-
crotrons) present in many laboratories, industries and hospitals. For example, electron
accelerators with energies up to 25 MeV are used to produce bremsstrahlung beams in
many radiation oncology facilities worldwide.

Photo-induced reaction cross-section data are of importance for a variety of current
or emerging applications. Among them are:

e Radiation shielding design and radiation transport analyses (of particular concern
are photoneutrons produced by photons with energies above the neutron separation
energy — typically above about 8 MeV),

e (Calculations of absorbed dose in the human body during radiotherapy,

e Physics and technology of fission reactors (influence of photoreactions on neutron
balance) and fusion reactors (plasma diagnostics and shielding),

e Activation analyses, safeguards and inspection technologies (identification of ma-~
terials through radiation induced by photonuclear reactions using portable brems-
strahlung devices),

e Nuclear waste transmutation, and

e Astrophysical nucleosynthesis.

Other areas where accurate photonuclear data are needed are reactor in—core dosime-
try (to take into account contributions from photofission events in monitor foils), radiation
damage estimates in reactor structural materials (both for displacement and transmuta-
tion calculations), safeguards (for taking into account photon induced neutron production
on light nuclei) and fast reactor calculations (impact on uranium—thorium cycle).

In the past, several activities were carried out which aimed to provide reliable pho-
tonuclear data for these applications. One of the most important was the project by the
Photonuclear Data Center of the US National Bureau of Standards during the period
1955-1982. This project culminated in the voluminous 15 issues by E.G. Fuller and H.
Gerstenberg “Photonuclear Data - Abstract Sheets 1955-1982”, published between 1983
and 1986 [1]. Given the technologies available at the time, these data were collected and
published as hardcopies from the original literature in the form of abstracts, tables and
graphs. Another pioneering work was undertaken by B.L. Berman in his 1975 “Atlas of
Photoneutron Cross-Sections Obtained by Monoenergetic Photons” [2], followed by the
update coauthored with S.S. Dietrich in 1988 [3].



Despite these efforts, there has been a lack of evaluated photonuclear data. Users often
rely on raw photonuclear data, primarily reaction cross-sections from different (and often
discrepant) measurements. However, many applications need evaluated cross-sections and
emission spectra for transport calculations. Generally, data for structural, shielding, and
bremsstrahlung conversion target materials are most important, followed by biologically-
important materials. In terms of incident energies, the giant dipole resonance region is
most important, i.e. photon energies below about 25-30 MeV.

The evaluation of nuclear reaction data consists of several systematic steps. These
include a bibliographic compilation, a compilation of experimental data, followed by a
critical analysis of the measurement techniques used, together with evaluations based on
theoretical nuclear reaction modeling. The present status of photonuclear data compila-
tions and evaluations is described below.

Bibliography compilations can be considered as satisfactory. In the past, several lab-
oratories, mainly LLNL Livermore (USA), CEN Saclay (France) and MSU Moscow (Rus-
sia), have reported a large body of experimental data. These data were partly compiled
into the internationally available computerized library EXFOR. This major task is not
yet complete (only about 20% of the published data were compiled as of the end of 1996).

The need for evaluation methods for photonuclear data arises because it is difficult to
develop a complete photonuclear data file on the basis of measured cross-sections alone.
These data were often obtained from different kinds of photon sources, causing significant
systematic discrepancies, and there is a lack of data in a number of important cases.
Nevertheless, recent developments both in methods to resolve experimental discrepan-
cies and in nuclear reaction theory are promising for use in the generation of evaluated
photonuclear data.

During the 1990s, several laboratories began to be engaged in large-scale evaluations of
photonuclear data. For example, in Japan, JAERI (Tokai) was developing a Photonuclear
Data File up to 140 MeV. In Russia, a series of evaluations were performed at the Centre
for Photonuclear Experiments Data, MSU Moscow, and IPPE Obninsk was working on
the photonuclear BOFOD library up to 20 MeV. In China, the Chinese Nuclear Data
Center (Beijing) was developing methods to calculate photonuclear reactions. In the
USA, LANL (Los Alamos) was working on theoretical models for emission spectra and
angular distributions from photonuclear reactions, and on databases for simulations of
(nucleon-induced) accelerator-driven technologies.

Considering the above research activities, the pressing needs for evaluated data, and
the promising recent developments in evaluation methods (both experimental and theoret-
ical in origin), it was felt to be timely and useful to initiate a co-ordinated effort to develop
an internationally agreed-upon file of evaluated photonuclear data. Such a Co-ordinated
Research Project (CRP), endorsed by the International Nuclear Data Committee at its
1993 and 1995 Meetings in Vienna, was approved and initiated by the TAEA in 1996 under
the title “Compilation and Evaluation of Photonuclear Data for Applications”. The ulti-
mate goal of the CRP was to develop an internationally recognized data file of evaluated
photonuclear reaction cross-sections for use in transport simulation codes (such as MCNP
[4], used for example in recent calculations of absorbed dose in photon therapy [5]).

The most important incident-energy range is up to 25 MeV, the upper energy of most
electron/photon accelerators, which also corresponds to the energy range of photoab-



sorption primarily via the giant dipole resonance. Photonuclear data up to energies of
approximately 50 MeV are useful for some new medical accelerator technologies under
development that utilize higher energy photons. Additionally, it is also desirable to have
evaluated photonuclear data up to an incident energy of approximately 150 MeV due
to their use in emerging accelerator-driven transmutation technologies, to complement
the neutron and proton high-energy libraries that are being implemented in fully-coupled
neutron-photon-charged-particle radiation transport simulations [6].

The list of the most important materials (43 elements) for which photonuclear data are
needed is summarized below. The list starts with structural, shielding and bremmsstrahlung
target materials, followed by biological, and fissionable materials. It should be noted that
the CRP focused on the major 40 isotopes of the first three groups comprising 29 elements.
Thanks to the impressive efforts of the Nuclear Data Laboratory, KAERI, S. Korea, this
project also generated evaluated data for an additional 124 isotopes, comprising largely
the elements shown in the fourth category below.

1. Structural, shielding, and bremsstrahlung target materials
Be, Al, Si, Ti, V, Cr, Fe, Co, Ni, Cu, Zn, Zr, Mo, Sn, Ta, W, Pb
Note: Beryllium bremsstrahlung targets are used in special
clinical accelerators to produce narrow photon beams.
2. DBiological materials
C, N, O, Na, S, P, CI, Ca
3. Fissionable materials
Th, U, Np, Pu
4. Other materials
H, K, Ge, Sr, Nb, Pd, Ag, Cd, Sb, Te, I, Cs, Sm, Tbh.

The present TECDOC is primarily designed for users of photonuclear data, aimed to
fill-in a substantial gap in the scientific and technical literature on photonuclear reactions.
In addition to production cross-sections, energy and angular distributions of the emitted
particles are provided (these are needed for transport calculations). The TECDOC pro-
vides users with an up-to-date overview of photonuclear reaction data. The material
is presented in a systematical way, covering experimental data and their compilation;
an introduction to relevant parts of nuclear reaction theory; an exposition of evaluation
methodology used to generate evaluations; an intercomparison of different evaluations;
and finally a description of the IAEA Photonuclear Data Library.

The TECDOC is organized as follows. For the reader’s convenience we first summarize
definitions and notations in Chapter 2. Then, we proceed with a description of available
experimental data in Chapter 3. Chapter 4 is devoted to a description of nuclear reaction
models that constitute the basic tool for an evaluation of photonuclear reaction data.
Then, Chapter 5 is devoted to a summary and description of the evaluations, including
one of the key novel aspects of the present project — emission spectra. This is followed by
the ultimate highlight of the whole project: a description of the IAEA Photonuclear Data
Library in Chapter 6. The concluding Chapter 7 summarizes recommendations for users
as well as possible directions for future research work. Finally, Appendix A reproduces a
tabular part of the Atlas of Giant Dipole Resonances [7], and Appendix B shows graphical
presentation of the IAEA Photonuclear Data Library.



Chapter 2

Definitions and Notation

2.1 General

There are two basic methods for the experimental study of photonuclear reactions: the
measurement of the residual activity of the final nucleus, if radioactive; and the direct
detection of outgoing particle(s).

In certain cases the first method allows the details of all reaction products (light parti-
cles and heavy residual nuclei) to be determined unambiguously, and therefore the exclu-
sive reaction cross-section (see below) can be determined. An example is the measurement
of the activity of ®*Cu (T;/, = 9.74 min) for studying the reaction **Cu(y,n)®Cu. At
higher energies, when multiparticle emission processes become energetically possible, in
some cases this method cannot be used since more than one combination of light-particle
ejectiles may lead to the same radioactive product nuclide. As, for example, in the case
of 93Cu(y,2n) and (v,2p) reactions, which produce ®*Cu and %'Co, respectively, both
decaying to the same final nucleus ' Ni.

The second method, in its basic form, measures inclusive reaction cross-sections (see
below) since in general a number of exclusive reaction channels may contribute to the
production of the outgoing particle of interest. For instance, the exclusive reactions
(v,m), (v,np), (7,2n), etc. may all be open and therefore contribute to the measured
inclusive neutron production. So, in general, the exact reaction studied depends upon the
experimental methods employed. This may lead to uncertainties in the interpretation of
experimental results when the authors do not specify exactly what was measured. For
example, in certain papers, authors indicate that they measure the (v, n) reaction, while
actually measuring the [(y,n) + (7,np)] reaction, which can be significantly different
especially for light target nuclei where charged-particle emission channels are not small.

The term exclusive cross-section is used to indicate an individual nuclear reaction of
a specific, unique type. For example, (v,2n), (v,«a), and (v, np) each indicate particu-
lar exclusive reactions, where all the secondary particles (ejectiles, including the residual
nucleus) are known. Analogously, the term inclusive cross-section is used to designate a
process that includes all nuclear reactions leading to production of a particular emission
product. Such emission products might be, for example, neutrons, protons, gamma-
rays, or a particular residual nucleus formed in several different exclusive reactions. For
instance, the inclusive photoneutron yield cross-section (written as (v, xn), where z indi-
cates any combination of emitted particles) might involve the sum of exclusive reactions
such as (v,n), (v,np), (v,na), 2(v,2n), ete., that lead to emission of a neutron.

The term evaluated is used in this text to describe cross-sections or other data that
have been determined by: (1) assessing the most probable value from a collection of ex-
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perimental data; (2) performing theoretical calculations with models and parameters that
have been optimized to experimental data; or, (3) using a combination of experimental
data and theoretical calculations to ascertain best or recommended values. Similarly,
the term evaluation is used here to describe a computer file of evaluated nuclear data
(cross-sections, angular distributions, energy distributions, etc.) that provides complete
coverage over a specific energy range of all quantities needed in a typical nuclear analy-
sis calculation (for example, calculations of particle transport, radiation damage, energy
deposition, etc.)

If neutrons are detected in an inclusive emission measurement, then the cross-section
measured is the inclusive photoneutron yield cross-section, and includes the multiplicity
of neutrons emitted in each reaction event:

0-(77 77/) + 0-(’77 np) + 0-(’77 n2p)+
20(7,2n) + 20(7, 2np) + 30(,3n) + -+ + (2.1)

(v, F),

(v, n)

+ + |

where 7 is the average multiplicity of photofission neutrons.

In several cases, authors use special methods to infer the photoneutron multiplicity
(so called “ring-ratio” methods, statistical methods, theory calculations, etc.), and give
data for the total photoneutron cross-section:

o(y,n) +o(y,np) + o(y,2n)+
o(v,2np) + o(y,n2p) + o(y,3n) + -+ + (2.2)
(v, F).

o(7, sn)

+ + |

The sum of this reaction with the photo-charged-particle reaction cross-section will
give the total photoabsorption reaction cross-section:

o(y,sn)+o(y,p) +o(v,2p) +---+

o(y,abs) =
+ o(v.d)+o(v,dp)+---+o(v,a)+---

(2.3)

It should be noted that for heavy nuclei photoabsorption cross-section can be approxi-
mated by the first term of the above equation

o(y,abs) = o(~, sn). (2.4)



2.2 Symbols

For the reader’s convenience, the most important symbols used throughout the present
document are summarized below.

o(y,abs)

o(vy,1n)
o(v, Inz)

o(,2n)
o(v,2nx)

Photoabsorption cross-section

Single photoneutron cross-section

Sum of cross-sections that have a single neutron in the final state
(In+1Inp+lna+1n--)

Double photoneutron cross-section

Sum of cross-sections that have two neutrons in the final state
(2n+2np + 2na +2n- - +)

Total photoneutron cross-section, also known as o (7, totn)
Photoneutron yield or production cross-section

First-chance photofission cross-section

Second-chance photofission cross-section

Total photofission cross-section

Photon energy, given in the laboratory reference frame

and expressed in MeV

Electron or positron kinetic energy, given in the laboratory
reference frame and expressed in MeV

Electron or positron rest energy

Width of the giant dipole resonance

Bremsstrahlung spectrum

2.3 Abbreviations

BOFOD
CDFE

CNDC
ENDF-6
EPNDL
EXFOR
FWHM
GDR
IFUSP
IPPE
JAERI
JENDL
KAERI
LANL
MF
MSU
MT

QD

Biblioteka Fotoyadernykh Dannykh(Library of Photonuclear Data, in Russian)
Centr Dannykh Fotoyadernykh Eksperimentov

(Center for Photonuclear Experiments Data, in Russian)

China Nuclear Data Center, Beijing, China

Format for storing evaluated nuclear cross-section data

Evaluated Photonuclear Data File developed by CDFE

Library of experimental nuclear cross-section data in the EXchange FORmat
Full width at half maximum

Giant dipole resonance

Institute of Physics, University of Sao Paulo, Brazil

Institute of Physics and Power Engineering, Obninsk, Russia

Japan Atomic Energy Research Institute, Tokai, Japan

Japan Evaluated Nuclear Data Library

Korea Atomic Energy Research Institute, Taejon, Rebublic of Korea

Los Alamos National Laboratory, Los Alamos, USA

File type under ENDF-6

Moscow State University, Moscow, Russia

Reaction type under ENDF-6

Quasi-deuteron



Chapter 3

Available Experimental Data

The experimental data on photonuclear reactions available today were obtained from
several types of measurements, spanning a wide range of probes and detected particles.
The largest bulk of data is, nonetheless, of photoneutron cross-sections, obtained by
counting the emitted neutrons. The next section presents a brief description of the most
frequently used experimental procedures.

3.1 Experiments

In a determination of the cross-section for any nuclear process, it is necessary to make
absolute measurements both of the number of reaction products and of the flux of incident
particles. In some cases, for instance those involving continuum bremsstrahlung spectra,
the cross-section is not determined directly, and so a third necessity is added: an analysis
of the yield curve to give the cross-section.

In the case of (v, ) reactions, the number of reactions can be determined in one of
two ways: either by direct detection of the emitted particle, =, or by counting the activity
of the residual nucleus, in the cases where this nucleus is not stable. The determination
of the incident photon flux can be done with an ionization chamber (usually the case
in measurements where a bremsstrahlung beam is used) or by scintillators or solid state
detectors (usually in the case of monochromatic, quasi-monochromatic or tagged photons).

3.1.1 Bremsstrahlung

The first measurements of photonuclear cross-sections were done using, as the source of
radiation, the continuous bremsstrahlung spectrum produced by striking a radiator target
with an electron beam from an accelerator (initially betatrons and synchrotrons, and later,
linacs).

The use of a continuous spectrum of photon energies means that the measured quan-
tity is a yield, a convolution of the photonuclear cross-section with the bremsstrahlung
spectrum over the photon energies:

Y(Ey) = Ng /0 o(E,) K (Eo, E,)

Threshold

IE,

o (3.1)

where Ej is the energy of the electron beam, £, is the photon energy, o is the photonu-
clear cross-section, and K(Ey, E/,) is the bremsstrahlung absolute intensity spectrum.
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Stepping the electron beam energy in small increments allows the experimenter to obtain
a yield curve, which, submitted to an “unfolding” procedure (see below), produces the
photonuclear cross-section.

There are two main problems associated with this technique. The first one is related to
a sufficiently accurate knowledge of the bremsstrahlung spectrum for all electron energies.
The second problem is intrinsic to the experimental method. Accurately measuring a
yield curve in small energy steps requires great stability in the accelerator parameters,
and large counting statistics. The process of differentiation of the yield curve introduces
correlations between the experimental points and the deconvoluted cross-section may
exhibit fluctuations that have no physical meaning. This kind of problem is aggravated
when energies above the peak of the giant dipole resonance are reached, because the yields
increase much more slowly and the results are obtained from small differences between
two large numbers.

Several laboratories around the world (mostly in Russia, Canada and Australia) used
this technique to obtain a large set of data. Discrepancies between results from different
laboratories are probably due to the use of different bremsstrahlung spectrum and/or to
differences in the deconvolution methods. Some of the most important and widely used
deconvolution methods are briefly described below.

The Photon Difference Method [8] uses the fact that the difference of two bremsstrah-
lung spectra having slightly different end-point energies can be interpreted as a spectrum
close to monoenergetic. Some improvements to this method were developed, such as the
linear combination of three points [9].

In the Penfold-Leiss method [10] the integral expression (3.1) is substituted by a set of
linear equations for a given bin of analysis. A modification of the Penfold-Leiss method
[11] uses the bin of analysis as a parameter depending on the accuracy of the yield.

Several kinds of regularization methods are widely used. In these methods the mean
square difference between the cross-section and its estimator is minimized under the as-
sumption of the cross-section smoothness. The choice of the regularizator produces the
differences among the regularization methods available. Some of them are: Tikhonov’s
Method [12], Cook’s Least Structure Method [13], the Second Difference Method, [14] and
the Statistical Regularization Method [15].

All methods above try to extract the smoothest possible cross-section. The advantage
of using bremsstrahlung is the large intensity of the beam. This results in reasonable
statistics even for relatively small cross-sections.

3.1.2 Positron Annihilation in Flight

This is the method that, during the sixties and seventies, mostly in Saclay (France) and
Livermore (United States), was used to produce quasi-monochromatic photon beams with
variable energy. The method consists [16] in producing a beam of fast positrons, with
definite energy Ejy, transporting it to the experimental area and making it impinge upon a
thin, low-7Z target, thus producing a bremsstrahlung spectrum plus a peak of annihilation
photons. Positrons are created by pair production from the bremsstrahlung generated
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Electron beam @ T M
from_accelerator no be o0t :
- u

Positrons

Figure 3.1: Schematic diagram of the annihilation photon beam facility at Saclay. M; - bending
magnets; @Q; - quadrupole magnets; ES - energy analyzing slit; Ty - positron converter target;
Ty - annihilation target; FC - Faraday cup; C - collimator; S - nuclear sample; D - neutron
detector. Taken from Ref. [17].

when the intense beam of high energy electrons from the accelerator hits a thick, high-Z
converter.

Positrons have been produced either along the accelerator (Livermore case) or at the
end of the accelerator (Saclay case). Figure 3.1 shows a schematic view of the Saclay
facility. In this case the positrons of the desired energy are filtered by magnetic fields
and defining slits. The energy of the positron beam can be adjusted by a change in the
magnetic fields.

In the Livermore system, the converter target is placed between two sections of the
linac. Positrons emerging from the target are focused into the next accelerator section,
which is operated with the microwave frequency nearly 180° out phase with that normally
used for electrons. The energy of the positrons can be selected by adjusting the power
in the linac section. After acceleration, the beam is energy analyzed (magnetic fields and
defining slits) and transported to the experimental area and the annihilation target.

The annihilation target is usually made of a low-Z material in order to maximize
the relation between the annihilation peak and the bremsstrahlung tail. To subtract the
bremsstrahlung contribution, the experimental measurements are repeated with incident
electrons instead of positrons. To the first Born approximation, the same number of
electrons with the same kinetic energy crossing the annihilation target will produce the
same bremsstrahlung spectrum without the annihilation peak. Figure 3.2 shows photon
spectra produced by beams of 16.5 MeV positrons and electrons striking a 0.13 mm thick
Be target. The annihilation photon peak is broadened by the resolution of the 20 x 20
cm? Nal(TY) spectrometer used in the measurement.
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Figure 3.2: Bottom: photon spectra produced by beams of 16.5 MeV electrons (e~ data) and
positrons (e data) striking a 0.13 mm thick Be target. Notice that the e spectrum was shifted
upwards by 100 counts/channel for visualization. Top: annihilation photon peak obtained from
the difference between e and e~ spectra. The annihilation photon peak is broadened by the
Nal(TC) spectrometer resolution. Taken from Ref. [17].

The photonuclear measurement is a two-step process: first one determines the number
of counts, N (Ep), obtained with the y-spectrum produced by the positron beam of energy
Ey; the second step is the measurement of the number of counts, N~ (Ep), produced by the
~v-spectrum from the electron beam of the same energy Ey. The photonuclear cross-section
is then proportional to the difference N (Ey) — N~ (Ey), divided by the number of “quasi-
monochromatic” photons that irradiated the target, N,(Ey), without any deconvolution
procedure. The effective photon spectrum lineshape is still different from the ideal delta-
function. It may be asymmetric and present a tail extending to the low energy side. The
disadvantage of this method (as compared to bremsstrahlung) is associated with the low
intensity of the photon beam, since the positron production and conversion processes both
present small cross-sections.

3.1.3 Bremsstrahlung Tagging

Following the development of high duty-cycle electron accelerators, perhaps the most suc-
cessful method of producing monochromatic photons has become the tagging of brems-
strahlung photons [18]. The bremsstrahlung tagging technique is conceptually simple,
as illustrated in Figure 3.3. A monochromatic electron beam of energy Fj incident on
a thin radiator produces a continuum bremsstrahlung photon spectrum in the forward
direction. Since the radiator is very thin (about 0.1% of a radiation length) the primary
beam passes through the radiator practically undisturbed and is deflected by the magnetic
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Figure 3.3: Schematic representation of the bremsstrahlung tagging technique.

spectrometer to the beam dump. A small fraction of the beam is scattered in the radiator,
losing a significant part of its energy. The electrons that have final momenta within the
acceptance range of the spectrometer are deflected to an array of detectors placed in the
focal plane of the spectrometer. The signal produced by one of those detectors, from an
electron with energy F,esigual, announces the presence of a photon with energy

E’y = EO - Eresidual~ (32)

A time coincidence between this signal and a signal from the nuclear reaction product
detector indicates that the reaction was produced by a photon of energy E,.

With this method part of the continuous bremsstrahlung spectrum is selected (the
energy bin corresponding to the momentum acceptance of the spectrometer) and divided
into smaller parts, depending on the number of detectors in the focal plane. So the energy
resolution of the tagger depends on the optics of the magnetic spectrometer and on the
spatial distribution of the detectors on the focal plane. This method presents a draw-back,
which is the low intensity of the photon beam (typically 10° - 107 s~* in order to keep the
accidentals rate acceptable), associated with difficulties that are intrinsic to coincidence
measurements. The typical apparatus function (effective photon spectrum) for a photon
tagger is close to a Gaussian line.

3.1.4 Electron-induced Reactions

An electrodisintegration experiment, or (e, x), is one in which an outgoing nuclear frag-
ment or radioactivity is detected. It is the experiment complementary to electron scat-
tering, (e, e’), where the scattered electron is detected. In the (e, x) case, the scattered

electron is not observed, so the experiment integrates over all its final states, see section
4.4.

Electrodisintegration experiments are usually analyzed using the virtual photon tech-
nique. The basic premise of this technique is that we can express the electrodisintegration
cross-section, o, ,(Ep), in terms of the photonuclear cross-sections, 024 (E,), associated
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Figure 3.4: E1 and E2 PWBA and DWBA virtual photon spectra for 9.5 MeV electrons scat-
tered by a uranium nucleus. Taken from Ref. [19].

with the absorption of real photons of multipolarity AL, through an integral over the
corresponding virtual photon spectra, N (Ey, E., Z):

Ion

dE
E

y

Oen(Ep) = E,)N(Ey, E,, Z)—"

Y ok

Threshold AL

(3.3)

In this expression Ej stands for the total electron energy, £, for the virtual photon energy,
and Z for the atomic number of the target nucleus. The validity of this expression stems
from the cancellation of the reduced matrix elements for photo and electrodisintegration,
which is exact in the limit of low momentum transfers. This method will surely fail for
large momentum transfers, where the long wavelength approximation breaks down (see
section 4.4).

Several groups (mainly in Brazil, Germany, Scotland and the United States) used
this method in order to separate the multipole components of the photonuclear cross-
section, using the substantial difference between the virtual photon spectra of different
multipolarities. Figure 3.4 shows E1 and E2 plane wave Born approximation and distorted
wave Born approximation virtual photon spectra for 9.5 MeV electrons scattered by a
7=92 nucleus. The E2 virtual photon spectrum, already enhanced with respect to the
E1 in the plane wave solution, is further increased when Coulomb distortion is taken into
account. Combining the measurement of electrodisintegration cross-sections and electro
plus photodisintegration yields, experimenters could change the multipole composition of
the photons seen by the target.

This kind of measurement suffers from the same problems as those using bremsstrah-
lung, i.e., the photonuclear cross-sections are obtained from the solution of integral equa-
tions and so are subject to strong uncertainties in the shape. Nevertheless the integrated
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cross-section is obtained with high accuracy. Figures 3.5 and 3.6 show typical results
obtained with this method.
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Figure 3.5: FElectrodisintegration cross-section for proton production, o .,(Ey), for % Fe (light
circles) and electro plus photodisintegration yield, Ye »,(Ey), (full circles). The smooth curves
are the best simultaneous fit to the data and were obtained by combining the E1 and E2 pho-
tonuclear proton production cross-sections, shown in Fig. 3.6. Taken from Ref. [20].

3.2 Compiled Data

3.2.1 Bibliographic Data

There are several well known photonuclear reaction bibliographies dealing with the results
obtained from the interaction of electromagnetic radiation with atomic nuclei. As a
rule they cover the most important aspects of the studies on photonuclear reactions and
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Figure 3.6: E1 and E2 photonuclear proton production cross-sections, (7, rp), represented by
histograms. Obtained from the simultaneous analysis of the electrodisintegration cross-section
and electro plus photodisintegration yield shown in Fig. 8.5. Taken from Ref. [20].
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their inverse processes: photon induced disintegration and fission, photon absorption and
scattering, electro-disintegration, electron scattering, and the radiative capture of various
particles. The most widely used of these bibliographies are briefly reviewed below.

The 10-th edition of the IAEA Bibliographical Series [21] includes references for both
theoretical and experimental works taken from the literature in the period 1948-1963. The
references are classified into 15 categories: photodisintegration, photofission, electrodisin-
tegration, absorption, scattering, etc. In the main categories the material is distributed
according to the type of reaction. Generally the references are supplied with abstracts.
For ease of reference an Author Index and a Subject Index are included.

Two comprehensive bibliographies, Photonuclear Data Index 1955-1972 and Photonu-
clear Data Index 1973-1982 were prepared E.G. Fuller and others at the Photonuclear Data
Center of the National Bureau of Standards (current National Institute for Standards and
Technology, Washington DC, USA), confer Ref. [1]. In both books the experimental data
are presented in tabular form for all nuclei that have been measured. Organized by el-
ement and isotope, each entry in the Index deals with a specific reaction reported in a
given reference. Information is given on the type of measurement, excitation energies
studied, source type and energies, detector type and angular range covered. Annotated
data indices and bibliographies are also given.

Using the above bibliograhies, 15 volumes of the Photonuclear Data - Abstract Sheets
1955-1982 were published during the period of 1983-1986 by the National Bureau of
Standards [1]. These volumes cover most classes of experimental photonuclear data. The
sheets are ordered by target element, isotope, and by an assigned bibliographic reference
code. Information is given on the type of measurement, excitation energies studied, source
type and energies, detector type, and angular range covered. For a given reference, the
relevant figures and tables are mounted on a separate sheet for each nuclide studied.

An Index [22] prepared at the Centre for Photonuclear Experiments Data (CDFE)
of the Institute of Nuclear Physics of the Moscow State University, includes a table of
experimental photonuclear data, in which the results of research published in the period
1976-1995 are systematized. For the period previous to 1982 the data of [1] were also used.
The data are ordered by isotope and reaction studied, and by a bibliographic reference
code. Information is given on the source type, excitation energies and angles studied.
Detailed descriptions of the physical results obtained in the paper are given, using special
codes to present the general quantities measured, deduced, or reviewed. A reference list of
the papers, an author index, and a table of abundances of isotopes and particle separation
energies are presented. The Index also includes a table with the main parameters of the
giant dipole resonance, in which the energy positions, absolute values, widths, integrated
cross-sections, and integrated cross-section first moments for the resonances observed in
the reactions are listed together with the relevant references. The Index is presented both

in book and ASCII file forms.

The Bibliographic Index [23] to Photonuclear Reaction Data (1955-1992), prepared by
the Japan Atomic Energy Research Institute (JAERI) also exists in book and ASCII file
forms. The Index was prepared using JAERI compilations together with the compilations
of [1] and [7], covering the period 1955-1992. The Index contains information on target
nucleus, incident beam, type of reaction and quantity, energy range of the incident beam,
laboratory, type of work, reference citations, first author’s name, and a short comment.
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A combined photonuclear data bibliographic file was produced by the CDFE Moscow
using indexes [22] and [23]. These 2 sources were merged and duplications excluded. The
resulting file is available at the Web, in the site: http://depni.npi.msu.su/cdfe.

3.2.2 EXFOR Library

EXFOR [25] is the computerized library of experimental nuclear reaction data main-
tained by the worldwide Network of Nuclear Reaction Data Centers [26]. Its origin is
the EXchange FORmat designed to allow a large variety of numerical nuclear reaction
data tables with explanatory and bibliographic information to be transmitted in a gen-
eral computer-readable format among the members of the Network, and from the Nuclear
Reaction Data Centers to the users. EXFOR library stores data for reactions induced
by neutrons, charged particles and photons. In addition to numerical experimental data
and bibliographic information, EXFOR stores information on uncertainties, status, and
history of the data, including updates which have been made, and correlations to other
data sets.

Only two groups are currently actively compiling photonuclear data into the EXFOR
format: CDFE (Centre Dannykh Fotoyadernykh Eksperimentov - Centre for Photonuclear
Experiments Data), Moscow, Russia, and the Photonuclear Data Group, University of Sao
Paulo, Brazil.

An EXFOR entry, based on one paper and its updates, is uniquely characterized by
a O-digit accession number. The entry may be subdivided into several subentries that
deal with specific reactions, each subentry being characterized by an additional 3-digit
number.

A total of 669 entries, representing 4 197 subentries, presently exist in the photonuclear
part of the EXFOR library. These are mostly from works published after 1976. For this
period, approximately 25 % of the works are available in EXFOR, for works published
before 1976 the situation is poorer. During 1996-1999, the present project contributed to
the above statistics by 115 entries, representing 634 subentries. To summarize, there are
4 series of entries:

The L series with 58 entries (L0001-L0035 and L0037-L0059) was compiled by B.L.
Berman and coworkers from the Lawrence Livermore National Laboratory (LLNL, Liver-
more, USA) and revised by V.V. Varlamov from the CDFE. The M series with 595 entries
(M0001-M0595) was compiled by V.V. Varlamov and coworkers from the CDFE Moscow.
The GO series with 12 entries (G0001-G0008, G0010-G0013) was compiled by the Nuclear
Data Section, IAEA Vienna. Finally, the G3 series with 4 entries (G3001-G3004) was
compiled by M.N. Martins at the University of Sao Paulo.

3.2.3 Atlases of Cross-Sections and GDR Parameters

There are several publications presenting complete overviews of photonuclear reaction
data. The most relevant ones will be briefly described below.
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One should have in mind that the most probable result from the photoabsorption
process in a heavy nucleus in the GDR energy region (£, about 8-30 MeV) is the emission
of one or more neutrons. However, other processes such as the emission of charged particles
might be important in medium and especially in light nuclei, where photoproton cross-
sections can even be larger than photoneutron cross-sections.

Photoneutron cross-section data (and some photofission and photoproton data as well),
measured with quasimonoenergetic photons, have been presented in graphic form in the
Atlases authored by Dietrich, Berman, and Fultz, Refs. [17], [27], [3]. These publications
also present tables, containing the GDR integrated cross-sections and their moments, and
the parameters of Lorentz curves fitted to the data.

There is not such a publication for data obtained with bremsstrahlung photons. Nev-
ertheless, several reaction cross-sections and also such quantities as photonuclear reaction
products, angular distributions, energy spectra and other, obtained using both brems-
strahlung and quasimonoenergetic photons have been presented in [28]. The data are
shown in the form of tables and graphs, taken from the original papers (quasimonoener-
getic photon data [17], [27] have also been used).

Graphs of experimental and evaluated photoneutron reaction data for selected nuclides
have been published [29] using the international nuclear data library EXFOR.

The most recent publication is presented as tabulated data in Varlamov’s Atlas [7],
see the Annex of this document. This table includes parameters of the GDR observed
in photonuclear reactions measured by bremsstrahlung, quasimonoenergetic and tagged
photons (selected evaluated cross-sections are also presented). Cross-section data for the
whole GDR region are presented. Data relevant to specific parts of the resonance, for
example for a photofission cross-section near the threshold, are omitted. Table entries are
organized by element, isotope and reaction (ordered by product from neutron to alpha).
Relevant parameters deduced from the cross-sections, such as total photoabsorption, neu-
tron yield, single, double, triple, and total neutron production, charged particle emission
and fission are included. The table contains information on the GDR parameters de-
rived from the data for 82 elements (220 isotopes and natural compositions) with atomic
numbers between 1 and 95. The entries for almost all 600 photoneutron cross-sections
obtained with quasimonoenergetic photons [3] are also included. There are altogether
1317 entries.

3.2.4 Additional Data in Other Formats

In addition to the EXFOR photonuclear library, there is a compilation prepared be-
fore 1987 by the photonuclear data group of E.G. Fuller at the US National Bureau of
Standards (current NIST). This compilation includes about 1500 data sets for several
photonuclear reaction cross-sections for nuclei from 2H to 2"Np, published in [1]. Parts of
this compilation have already been included in the EXFOR L- or M-series by the CDFE
Moscow group.
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3.3 Access to Data

Access to the EXFOR library is possible using the Web services provided cost-free by the
Nuclear Data Section, IAEA, Vienna at

http://www-nds.iaea.or.at/.

A CD-ROM version of the complete EXFOR library is also available. It can be ob-
tained, cost-free, from the IAEA Nuclear Data Section using the address given at the
cover page of the present TecDoc. Also, it can be requested via e-mail sent to

services@iaeand.iaea.or.at.

Retrievals from the Atlas of giant dipole resonance parameters and graphs of photonu-
clear reaction cross-sections can be obtained from the Web site operated by the CDFE
Moscow

http://depni.npi.msu.su/cdfe.

17



Chapter 4

Nuclear Models

This chapter provides an overview of the nuclear reaction mechanisms that occur in pho-
tonuclear reactions below the pion threshold. The emphasis is on nuclear theories and
models that are implemented in the nuclear modeling codes used by the participants in
the present project.

4.1 Photoabsorption Model

A model of photonuclear reactions must account for the different nuclear reaction mecha-
nisms involved in the initial photonuclear excitation process, and the subsequent decay of
the excited nucleus by particle and gamma-ray emission. At low energies, below about 30
MeV, the Giant Dipole Resonance (GDR) is the dominant excitation mechanism, where
a collective bulk oscillation of the neutrons against the protons occurs. At higher ener-
gies up to approximately 150 MeV, where the wavelength of the photon decreases, the
phenomenological model of photoabsorption on a neutron-proton (quasi-deuteron, QD),
which has a large dipole moment, becomes important. An illustration of the different
photoabsorption mechanisms is shown in Fig 4.1 below.
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Figure 4.1: Illustrative example of the nuclear photoabsorption cross-section. Shown to the left
is the GDR component. Shown to the right is the quasideuteron component along with the GDR
tail and their sum. Taken from [35, 31].

Models of photonuclear reactions typically begin with a determination of the pho-
toabsorption cross-section, and this can be done in one of two ways: (1) An evaluation
based on experimental data, if data exist; and (2) A model calculation of photoabsorption.
These methods are discussed in more detail below.
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If experimental data exist for the total photoabsorption cross-section, they can be
used as input into most codes which model the subsequent particle emission reactions.
The most useful type of experimental data here are from photon absorption experiments
which measure the total photoabsorption cross-section. For heavy nuclei, compilations
of photoneutron total cross-section such as that of Dietrich and Berman [3] can be used
to approximate the photoabsorption cross-sections, since contributions from photoproton
reactions (and other reactions producing complex charged particles) are suppressed by
the Coulomb barrier. However, in light nuclei this approach cannot be used since the
photoproton cross-section is no longer small, and in some cases exceeds the photoneutron
cross-section. In such cases one should rely only on absorption-type data. The evaluation
of measured total photoabsorption data is discussed in Chapter 5.1.

An alternative way to obtain the photoabsorption cross-section is to calculate it the-
oretically as a sum of two components [31]

oabs(Ey) = 0cpr(E,) + ogp(Ey). (4.1)

The GDR component, ogpr(E,), is given by a Lorentzian shape, with parameters
describing the total absorption of the giant dipole resonance. A relation to be used reads

(EVFZ')Q
UGDR(E ) = 0i )
V=L o Ly

(4.2)

%

where o;, F; and I'; are the GDR peak cross-section, energy and width, respectively.
The summation is limited to ¢ = 1 for spherical nuclei, while for deformed nuclei the
resonance is split and one uses i = 1,2. As a rule, the parameters are derived from fits to
experimental data or from systematics (see Kishida [32]).

The QD component, ogp(E,), is taken from the model of Chadwick et al. [31], which
uses a Levinger-type theory. It relates the nuclear photoabsorption cross-section to the
experimental deuteron photodisintegration cross-section oq(E.,),

oan(Ey) = L 7 0y(E,) f(E,) (43)

Here, the Levinger parameter was derived to be L = 6.5 [31], and f(£,) is the Pauli-
blocking function, which reduces the free deuteron cross-section o4(E,) to account for
Pauli-blocking of the excited neutron and proton by the nuclear medium. The experi-
mental deuteron photodisintegration cross-section was parameterized as

(E, — 2.224)%/?
B

oa(E,) = 61.2 : (4.4)

with £, in MeV and o4 in units of mb. The Pauli-blocking was derived by Chadwick et
al. to be a multidimensional integral whose solution could be well approximated in the
energy range 20 — 140 MeV by the polynomial expression

f(E,) =83714x 1072 - 9.8343 x 10 °E,, +4.1222 x 10 *E?
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—3.4762 x 10" °E2 4 9.3537 x 10" EJ, (4.5)

with £, in MeV. In Ref. [31] the Pauli-blocking function was not parameterized below
20 MeV, where it tends to zero, or above 140 MeV, where it tends to unity. Still, as the
contribution needs to be defined at all energies considered, we use an exponential shape
f(E,) = exp(—D/E,) for energies below 20 MeV, and above 140 MeV, with D = —73.3
for £, <20 MeV and D = 24.2 for £, > 140 MeV. This form has the correct behavior in
that it tends to zero at E, = 0, and unity for large E,, and is continuous with Eq. (4.5)
at 20 and 140 MeV.

Photoabsorption calculations using the above model are common [33, 32, 34, 35]. In
some cases, authors have treated the Levinger parameter as an adjustable parameter to
obtain best agreement with measurements in the 50 - 150 MeV photon energy region.

Finally, we note a method sometimes used by evaluators to infer the total absorption
cross-sections when no measured data exist, and when the absorption cross-section cannot
be equated to measured photoneutron cross-sections. This situation sometimes arises for
light nuclei. This method involves using a nuclear model calculation to estimate the
ratio of (7, xn) to (v, abs) cross-sections; and inferring the total absorption cross-section
(7, abs) such that the calculated (v, xn) agrees with measurements. This procedure has
been described in model detail in Refs. [32, 36].

4.2 Reaction Models

In this subsection, nuclear models for describing particle emission following photonuclear
absorption are discussed. Nuclear theories and models that are implemented within the
computer codes described in Chapter 4.3 are emphasized.

4.2.1 Preequilibrium Emission

Preequilibrium reaction mechanisms become important for incident photon energies above
10-15 MeV. In the photoabsorption mechanisms described in the previous section, the
initial nuclear excitation can be understood in terms of particle-hole excitations (1plh
for the GDR; 2p2h or 2plh, as discussed later, for QD processes) and thus it is natural
to use a preequilibrium theory of particle-hole excitations to describe the processes of
preequilibrium emission, and damping to equilibrium, during the evolution of the reaction.
Such models can be used to calculate photonuclear reactions for incident photons with
energies up to about 140 MeV, which is the threshold for pion production.

Semiclassical preequilibrium models, such as the exciton and hybrid models, have
proved to be powerful tools for predicting particle emission spectra with a high degree
of reliability, and in a computationally-fast manner [37, 38, 33, 35]. Semiclassical models
make use of detailed balance, and phase space considerations, to calculate emission rate
probabilities from particle-hole states. By working in terms of emission rates, and not
quantum mechanical transition amplitudes, some information is lost, particularly con-
cerning observables sensitive to interference effects such as angular distributions and an-
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alyzing powers. Additionally, such models typically do not account for correlations in the
particle-hole excitations. However, these deficiencies are to some extent compensated by
the ease of implementation and high predictive power of the semiclassical theories. Semi-
classical intranuclear cascade photonuclear models have also been developed [39, 36, 40].
These models have much in common with preequilibrium models. They differ, though,
by following the trajectories of the excited nucleons in coordinate and momentum space
(semiclassical preequilibrium models usually just follow the excitations in energy space),
and by assuming that free nucleon-nucleon scattering cross-sections can be used for in-
medium nucleon scatterings. In practice, it is only the semiclassical preequilibrium models
that have been implemented for photonuclear reactions, and the quantum multistep pree-
quilibrium models [41] have not yet been extended for calculating these processes.

Two works in particular have demonstrated the usefulness of semiclassical preequi-
librium models in describing photonuclear reactions: Wu and Chang’s paper [37] on an
exciton model; and Blann et al.’s studies [38] using the hybrid model; both of which utilize
a Weisskopf-Ewing evaporation theory to describe the subsequent equilibrium decay. A
more recent work [33], which describes new capabilities recently built into the GNASH
modeling code [42], makes use of many of the ideas from these papers, but with the
following new features:

e Full angular momentum and parity conservation is included in a Hauser-Feshbach
treatment of equilibrium emission, accounting for the fact that an El-photon brings
in one unit of angular momentum;

e Multiple-preequilibrium emission processes, where more than one fast preequilib-
rium ejectile is emitted in the reaction, are included using the theory of Ref. [43].

In semiclassical preequilibrium models, particle and hole excitations are produced in
the nucleus following photoabsorption. Particle emission can occur from such a state
yielding the typically high-energy preequilibrium emission; or alternatively, a nucleon-
nucleon interaction may occur producing more particle-hole excitations. The composite
nuclear system passes through such stages of increasing complexity towards equilibrium,
and the total preequilibrium emission is the sum of contributions from all the preequilib-
rium stages.

Wu and Chang [37] and Blann et al [38] have successfully applied preequilibrium
physics modeling to describe the emission of high-energy nucleons following photoabsorp-
tion. Wu and Chang used an initial 2p2h state in the preequilibrium cascade, while
Blann argued that the two holes are correlated through the quasi-deuteron mechanism,
and therefore can be approximately treated as one degree of freedom, i.e. a 2plh initial
state. Also, calculations by Ryckbosch et al. [44] indicated a preference for an initial 2plh
state when analyzing emission spectrum data at 60 MeV. Therefore the calculations of
Chadwick et al. [33] using GNASH, like those of Kishida et al. [32] based on ALICE, also
follow Blann’s prescription. In the case of the GNASH calculations, the Kalbach exciton
model in GNASH [42] is used to calculate the preequilibrium emission of fast nucleons.
Once the incident photon energy exceeds about 50 MeV, multiple preequilibrium emission
becomes important, where more than one fast particle is emitted. For this the generalized
multiple preequilibrium emission model of Ref. [43] is used. For both primary and multi-
ple preequilibrium emission, the neutron-proton distinguishability factors were modified
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to reflect the initial particle-hole type appropriate for the quasi-deuteron mechanism (i.e.
of the two particles, one is a neutron and the other a proton).

4.2.2 Compound Nucleus Equilibrium Emission

Following the possible emission of preequilibrium particles, the remaining nuclear system
reaches equilibrium, after which it decays by sequential particle or gamma-ray emission
(or possibly fission) until the residual nucleus ground state is reached.

Generally, the calculation of these equilibrium decay processes do not present any
particular theoretical difficulties (with the exception of fission, which is described in more
detail below). The Hauser-Feshbach theory, which includes angular momentum and par-
ity conservation, or the more simple Weisskopf-Ewing theory, may be applied. In the
case of the former theory, the angular momentum of the photon projectile should be
specifically accounted for. The principal uncertainty entering these calculations is in the
input information needed to compute equilibrium decay rates: nuclear level densities, op-
tical model transmission coefficients and inverse reaction cross-sections, and gamma-ray
strength functions. The TAEA Reference Input Parameter Library (RIPL) [45] provides
extensive guidance on the choice of these quantities.

It should be noted that isospin conservation can play a role in photonuclear reactions
on lighter nuclei. For instance, for a 7' = 1 photon projectile and a T" = 0 targets,
one would expect the emission of alpha particles, which are also T' = 0, to be supressed
in certain reactions near threshold (cases where the low-lying residual nuclei are also
T = 0). Since the nuclear reaction codes we use do not include isospin conservation, our
evaluations have addressed this issue in a somewhat ad—hoc manner by suppressing the
alpha channel when measurements indicate the presence of isospin conservation effects.
One expects that a formally correct treatment with isospin conservation would lead to
equivalent final results by applying appropriate isospin mixing coefficients.

4.2.3 Illustrative Comparisons with Experiment

A difficulty in testing photonuclear reaction theories that model nucleon emission spectra
is the lack of experimental data to compare the model predictions against. While pho-
toneutron and photoproton emission spectra from bremsstrahlung photon sources are not
uncommon, such measured spectra from monoenergetic ("monochromatic”) photon inci-
dent beams are sparse. A few monoenergetic photon-induced experiments do exist though
[46, 44], and in addition, quasi-monoenergetic photon-induced spectra have been inferred
using the difference-technique, where two bremsstrahlung-induced emission spectra, with
different end-points, are subtracted to approximate the spectrum due to a monoenergetic
source.

One way to circumvent problems in validating emission spectra calculations given the
lack of differential monoenergetic photon-induced measurements, is to test the theoretical
predictions of partial exclusive reaction channels (e.g. (v, 1n),(v,2n), etc), along with
neutron emission multiplicities, against experimental measurement. These measurements
indirectly test the calculated emission spectra. This is because the shape of the calculated
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Figure 4.2: Emission spectrum of protons at 90-degrees in the 60 MeV °Ca(~y, xp) reaction.
Taken from Ref. [47].
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Figure 4.3: Average multiplicity of emitted particles in photonuclear reactions on lead, compared
with model calculations. Shown to the left is total neutron multiplicity; shown to the right are
fast (preequilibrium) and slow (equilibrium) multiplicities. Taken from Ref. [33].

photon emission spectra strongly influences the exclusive reaction channels populated,
by energy balance. Likewise, multiplicities of particles emitted are influenced by the
kinetic energies carried away by the light-particle ejectiles in the reactions. We provide
some illustrative examples of calculations of emission spectra and multiplicities along with
comparisons with experimental data.

Figure 4.2 shows an example of calculated 60 MeV proton emission spectra at 90-
degrees compared with data [44], for the ®Ca(~y, xp) reaction at 60 MeV. The angular
variation was obtained using the Chadwick-Oblozinsky theory, described in Refs. [33,
48] and Sec. 4.2.4 below. The calculated photoproton emission spectrum describes the
measurements well. This is important because there are very few sets of measured emission
spectra data for monoenergetic incident photons to test the theory. Other tests of the
calculated emission spectra were presented in Ref. [48], using the carbon experimental
data of McGeorge et al. [46].
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As an illustrative example of the use of neutron emission multiplicities to test the
model calculations, Fig. 4.3 shows calculated multiplicities for particle emission compared
with the measurements of Lepretre et al. [49]. The left-hand figure shows the average
neutron multiplicity, which is well described by the calculations. The right-hand figure
shows the measured fast and slow multiplicities at an incident photon energy of 70 MeV,
compared with calculations. The fast multiplicity refers to the preequilibrium particles,
while the slow multiplicity refers to the compound nucleus particles, and the calculations
are seen to describe the correct partitioning of ejectiles among preequilibrium and equi-
librium emission, and between neutrons and protons. These measurements are invaluable
for testing the preequilibrium modeling in the calculation, since direct measurements of
the nucleon emission spectra from monoenergetic photons do not exist for lead. The
large Coulomb barrier in lead is responsible for the excess of fast preequilibrium neutrons
compared to protons; at the highest energies the differences are reduced. In general the
slow neutron multiplicity is much larger than the fast multiplicities, since preequilibrium
decay accounts for at most the first two emissions, with the subsequent sequential particle
decays coming from compound-nucleus emission. There is a nice discussion in Lepretre’s
paper [49] commenting on the slope of the average neutron multiplicity curve, which is
worth repeating: If preequilibrium emission did not occur, each emitted neutron would
require approximately 10 MeV (separation energy plus evaporation kinetic energy), and
so the multiplicity curve would increase at a slope of 1 unit for every 10 MeV incident
energy. The data in Fig. 4.3 show such a steep slope at the lowest incident energies, but
for higher energies a much smaller slope occurs due to the higher kinetic energy carried
by preequilibrium ejectiles.

The ALICE code photonuclear reaction calculations have been extensively bench-
marked against measured data by Blann [38], and more recently by Kishida [32].

4.2.4 Angular Distributions

A knowledge of the angular distribution of the ejectiles in photonuclear reactions is essen-
tial for radiation transport studies, but most nuclear modeling codes (certainly those
described in this report), in their basic form yield only angle-integrated results. In
nucleon-induced reactions, the Kalbach systematics [50] have been widely used for ob-
taining double-differential emission spectra. They are particularly attractive for use in
evaluation work since for each emission energy one need only specify the preequilibrium
fraction (fyusp) for the angular distribution to be defined, allowing a compact represen-
tation of angle-energy correlated cross-sections. However, as originally formulated they
cannot be applied in photonuclear reactions. Ideally, for applications it would be useful
to parameterize measured angular distributions in monochromatic photon-induced reac-
tions in QD and GDR regimes, but an extensive experimental data set does not yet exist
(larger amounts of experimental information exist for incident photons with a bremsstrah-
lung spectrum, but these data are not directly usable).

Below we describe an applications-oriented method [48] for determining continuum
photonuclear angular distributions for emission of light particles (n, p, d, t, *He, and
a) for energies up to 150 MeV. Based on theoretical considerations by Chadwick and
Oblozinsky [43] for the angular forward-peaking in preequilibrium reactions, Kalbach’s
1988 angular distribution systematics [50] for a neutron projectile are modified for use
in photon-induced reactions. This results in photonuclear angular distributions which
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are less forward-peaked than their nucleon-induced counterparts in the quasideuteron
regime, due to the small momentum carried by a photon. In the GDR regime, a simple
approximation of isotropy is assumed.

Giant-Dipole Resonance Region

At present, no general prescription is available for nuclear data evaluators for describ-
ing the angular distribution of secondary particles emitted in photonuclear reactions in the
GDR regime. Experimental angular distributions for emitted nucleons from such collec-
tive excitations often show a dipole shape (peaking at 90-degrees), but nuclear structure
effects are important in determining the detailed angular distribution and it is not clear
that accurate systematics can be developed to describe them.

One of the main problems is that most measurements are for an incident bremsstrah-
lung spectrum, and not for monoenergetic photons. This is a problem because angular
distributions are incident-energy dependent, and are also angle-energy correlated (i.e., the
angular distribution varies for different secondary emission energies). Given this situation,
two options appear available for evaluators:

e Include angular distribution information based on available measured data

e Assume isotropy in the GDR regime, for simplicity

The evaluations described in this report follow the latter approach except for certain
light nuclei where angular distributions were represented with Legendre polynomials. It is
hoped that for most applications, this is a reasonable starting point, and hopefully future
work will result in a more accurate angular distribution representation within ENDF files.

Quasideuteron Region

Chadwick et al. [48] presented an approach for calculating the angular distribution of
secondary ejectiles emitted in photonuclear reactions in the quasideuteron regime. The
approach made use of the theoretical basis for the forward-peaking parameter a in the
Kalbach systematics (originally developed for nucleons) [33, 51|, which was found to
be dependent upon the momentum of the projectile. The low momentum of photons,
compared to nucleons of the same energy, results in angular distributions which are much
less forward-peaked than their nucleon counterparts.

This approach, which is presented below, allows evaluators to make use of the Kalbach
systematics developed for nucleon projectiles, with a straightforward modification to the
a-parameter.

Recommended Systematics for Use in Evaluations

We recommend the applications-oriented method (Ref. [48]) to calculate continuum
angular distributions of light particles (n, p, d, t, 3He, and «) produced in photonuclear
reactions based on Kalbach’s 1988 systematics and the theoretical considerations given in
Ref. [51]. The procedure for obtaining photonuclear angular distributions for a photon of
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energy < 150 MeV in (7, y) reactions, where y may represent all light ejectiles with mass
<4, consists of the following 3 steps:

e Determine the a” parameter for (n,y) reactions, for an incident neutron with energy
FE;,. from Kalbach’s 1988 systematics.

e Obtain the photon-projectile a using:

a = a”[\/ Eine/2m] [min(4, max(1, 9.3/\/E_W))], (4.6)

where m is the neutron mass in MeV and the a” parameter is taken from Kalbach’s
1988 paper [50] for an incident neutron of the same energy as the photon projectile.
The first modification factor to a” accounts for the lower photon momentum com-
pared to a neutron, while the second factor approximately accounts for differences in
refraction effects, and an upper limit of 4 for this correction to prevent it becoming
unphysically large at low emission energies [48].

e Apply this a value in the following formulae:

d*o do
=T [0 fuso() g + Fusnle(6)] @)

where do/de is the angle-integrated spectrum and fysp(€) is the fraction of the
emission spectrum at emission energy € coming from preequilibrium processes. An
isotropic distribution for the non-precompound contribution is assumed. The quasideuteron
angular distribution shape is given by:

g(0) = LL_aexp(a cosf). (4.8)

A e® — e

4.2.5 Photofission

Introduction to Fission

Nuclear fission is a complex phenomenon which, although discovered as early as 1939,
is far from being completely understood. The importance of this process for fundamental
physics and for the production of nuclear energy has stimulated many experimental and
theoretical studies. The large amount of experimental data that has been accumulated
on fission has been useful for the phenomenological description of many aspects of this
reaction and has been realized in the production of nuclear energy. Nevertheless, in all of
this time, there has not emerged a fully-satisfactory unified understanding of the fission
process on the basis of fundamental theoretical models.

The original concept introduced by A. Bohr [52] — that nuclear fission takes place
through definite transition states, with well-defined quantum numbers on the top of a one-
hump barrier — has undergone rapid development. The properties of these intermediate
states allowed the determination of several features of the fission process. But they could
not describe the intermediate structure of the fission cross-sections in the sub-barrier
energy range. The concept of the double-hump barrier, introduced by Strutinsky [53] in
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the late 1960s, was a major breakthrough in the field of fission and provided an explanation
for many fission results which could not be otherwise understood. The double-humped
barrier arises from a combination of “macroscopic” liquid-drop effects, and “microscopic”
shell effects, on the variation of the potential energy with deformation, and is particularly
important in the actinide region.

Such a barrier shape is now currently used in fission cross-section calculations but
still cannot be obtained to the required accuracy from theory alone — the most sophisti-
cated theories can only predict barrier heights with an uncertainty of 0.5 MeV, or more,
which is generally insufficiently accurate for fission cross-section calculations. Fits to the
experimental fission cross-section data are needed in order to obtain the fission barrier
parameters. The combination of the Bohr theory of fission exit channels and the phe-
nomenological Strutinsky prescription of the parameters of the double-hump barrier play
a major role both for the understanding of the fission process and for the calculation of
fission cross-sections.

The different stages of the fission process are as follows. In the initial stage a nucleus
undergoes a series of large vibrations until it becomes so strongly deformed that it breaks
into (usually) two primary fragments (this break is called scission). Although the initial
nucleus is highly excited with closely spaced levels, the resulting transition state nucleus
is relatively “cold” since most of the initial excitation energy is expended as deformation
energy. This effect is well supported by fission fragment angular distributions, and the
result is that only a few channels determine the statistical properties of fission widths.
The spectrum of the excited states in the transition nucleus is expected to be analogous to
the low-energy spectrum of a deformed heavy nucleus. These levels are well understood in
terms of the collective model where each level is characterized by the quantum numbers,
I, m, and K (projection of I on the nuclear symmetry axis). After scission, the fragments
repel each other due to the long-range Coulomb force. During their mutual repulsion, these
fragments de-excite by prompt-neutron and prompt-v-ray emissions. These de-excitation
processes are called “prompt”, and the residual fragments are called the fission products.
The fission products are generally far from the line of (-stability and they decay to
stable nuclei by f-radioactivity followed by 7 and even particle (neutron) emission. These
processes are usually described as the “delayed” processes. The total energy released in
the fission process is about 200 MeV.

Photofission Cross-Sections

Our concern here is the photofission process, which can occur in heavy target elements.
The excitation curves found for the photofission of uranium and transuranic elements such
as americium, neptunium and plutonium exhibit a sharp and important peak at giant
resonance energies between 10 and 20 MeV for the incident photons. At higher photon
energies the photofission cross-section decreases by two orders of magnitude up to 100
MeV. Above 100 MeV it increases again sharply due to a new mechanism of fission. This
mechanism can be ascribed either to the neutron field in the quasi-deuteron disintegration
mechanism, or to the incipient production of photopions in the nucleus, or to both.

Modern theories of the photofission process at ~-ray energies which are not too high
are based on the hypothesis of the compound nucleus introduced by N. Bohr in 1936.
The photofission process at low energies is assumed to be a two-step process. The nucleus
absorbs a photon and the compound nucleus thus created decays by fission, by neutron
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emission, or by 7-deexcitation. The model is developed on the assumption that the
fission process is governed only by barrier transmission. The two-step fission cross-section
formula is given by

oi(E) = Y olm (E,)Pi(I, 7, K, E,), (4.9)

v,abs
I,m,K

where I and 7 are the spin and the parity of transition states, K is the spin projection on

the symmetry axis, Py is the fission probability that contains information derived from
I,

the fission barriers, and o2,

is the photoabsorption cross-section.

Whereas photoabsorption cross-section is well understood over a wide energy range
(up to 1 GeV), the dependence of the fissility on the excitation energy has only been
studied in the giant resonance region (below 20 MeV). In our further description, we
restrict ourselves to vy-ray energies up to 30 MeV where one can neglect proton emission.
In the frame of the statistical model the fissility, for first-chance, second chance, etc.
fission, can be written as

]-—\IyT('}K
P, 7 K, E,) = !
i 2 I N N
F{L,TF,K (ch,w,K)’

x 4.10
F§7W7K+F:€/’W+F£’ﬂ— (F?W,K)/_i_(F’€7ﬂ)/+(ré7w)/ ( )

where the symbols ch’W’K, I'L7™ and T™ denote, respectively, the widths for fission, ~-
deexcitation and neutron emission. The primed quantities describe the decay widths for
the nucleus produced after one neutron is emitted from the initial compound nucleus. For
y-ray energies below the fission barrier the neutron emission width T'27 is generally taken
to be equal to zero. The widths I’;’”’K, Fg’“ and TL™ are related to the corresponding
transmission coefficients T" as

Dix
Pk _ 21, x TImK (4.11)
™

where D; . is the average spacing of excited states with spin and parity I, .

The neutron transmission coefficients T, can be calculated within statistical models,
using for example the Weisskopf model [54] in which parameters are those of the level
density formulas.

The electric dipole radiation of ~-rays gives the main part in the total radiation width.
Usually in practical calculations, magnetic dipole and quadrupole electric transitions also
are taken into account. The ~-ray transmission coefficients for electric dipole radiation
can be estimated in the frame of the Brink-Axel giant resonance model [55]. For further
details see, for example, Chapter 4 in Ref. [56].
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For the one-dimensional model of fission the fission transmission coefficients Ty can
be determined from numerical solution of the Schrodinger equation. The calculations of
the fission transmission coefficients within the framework of the double-humped fission
barrier are described in detail in Ref. [57].

The ratio I',, /T’ is an important parameter in a calculation of photofission cross-
sections. From analyses of experimental data obtained for example in [58, 59], it was
determined that the ratio is approximately constant for excitation energies up to 30 MeV.
At the same time the fissionability increases with excitation energy and increases by
a step when a new next chance-fission channel opens. In Ref. [59] the I',/T'; values
were measured and analyzed as a function of the nuclear fissionability Z2/A together
with previously obtained experimental data. It was shown that the values for I',/T;
decrease approximately exponentially with the nuclear fissionability. These data can be
approximated by the equation

2

T A
) = =36.82 —1.02 =—. 4.12
04g10 Ff 36.8 0 1 ( )

This result can be used to guide the choice of fission-channel and neutron-channel level
density parameters. This is particularly important for multi—chance fission where there
may be little experimental information on the fissionability.

Average Number of Prompt Neutrons

The prompt neutron emission multiplicity in photofission process is an important
quantity that influences the importance of the photoneutron source in applications. The
average number of prompt neutrons 7,, as a function of the incident photon energy, was
measured for photofission on 232347, 23"Np, and 23°Pu in Ref. [59], and 2352362387 and
2%2Th in Ref. [60]. As for neutron-induced fission, 7, increases with increasing incident
energy. The increase is approximately linear up to 20 MeV, with the exception of 232Th
which exhibited a more complex relationship.

The spectrum of prompt fission neutrons has been difficult to determine from a the-
oretical point of view, though certain advances have been made [61]. In practice, the
experimentally-measured spectra of prompt fission neutrons have a rather simple form
which can be fitted by theoretical shapes derived from crude phenomenological models.
Usually two shapes are considered for presentation of the prompt fission spectrum: (i) the
Maxwell spectrum, which can be derived simply by assuming that all neutrons are emitted
by a single nucleus at rest and excited at a temperature T. This spectrum contains only
one adjustable parameter, the temperature T, which has no real physical significance; (ii)
the Watt spectrum, which can be derived assuming that all the neutrons are emitted by
the moving fragments at the same nuclear temperature T, and all fragments have the
same kinetic energy per nucleon. This two-parameter Watt spectrum of prompt fission
neutrons gives provides a slightly better approximation to the experimental data than the
Maxwell form, perhaps because the physical hypotheses are more realistic, but also for
the reason that the Watt spectrum contains two adjustable parameters instead of only
one for the Maxwell spectrum.
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Photofission Product Yield

The distribution of the fission products from the photofission process has been stud-
ied also as a function of the incident photon energy. Whereas the cross-section studies
provide information on the “static” properties of the fissioning nuclei, the study of frag-
ment characteristics (mass, charge, and energy distributions) instruct us also about the
“dynamic” properties on the path from the saddle to the scission point. Most of the
first results on fragment characteristics obtained in photofission have been summarized
in Refs. [62, 63]. Recent measurements on fragment characteristics for the photofission
of 2352381 240.242.244py - with 12-, 15-, 20-, 30-, and 70-MeV bremsstrahlung the have
been performed in Ref. [64]. In these works a systematic study of mass, charge, and
kinetic energy distributions has been investigated as a function of initial photon energy.
It was shown that for all photon energies between 10 and 100 MeV, the fission product
distribution is seen to have two well-marked humps, in contrast with the chain yield dis-
tributions found for fission with high energy neutrons, protons and complex nuclei where
the two-hump distribution gradually transitions to a one-hump distribution with increas-
ing excitation energy of the fissile system. For the photofission process the two-humped
structure appears to remain regardless of the excitation energy.

4.3 Nuclear Modeling Codes

In this section, brief overviews are given of the nuclear reaction modeling codes that have
been used in this Coordinated research Program to predict cross-section data for evaluated
photonuclear data libraries.

4.3.1 GNASH (Los Alamos)

The Los Alamos GNASH code [65] treats a nuclear reaction as proceeding through an
initial preequilibrium phase (calculated from the exciton model with a 2plh initial con-
figuration), from which high-energy ejectiles can be emitted, followed by a process of
sequential particle emission from decaying compound nuclei, until the final residual nu-
cleus attains its ground state via particle or gamma-ray emission. The Hauser-Feshbach
theory is used to calculate emission from the compound nucleus, with a full conserva-
tion of spin and parity. Production cross-sections and emission spectra of secondary light
particles, y-rays, and recoil nuclides are obtained from the calculations.

The photoabsorption model described in Sec. 4.1 is implemented, as are the photonu-
clear emission models described in Sec. 4.2. Full details can be found in Ref. [33], and in

the GNASH code manual [65].

4.3.2 ALICE-F and MCPHOTO (Tokai)

The ALICE-F code [66] is a version of Blann’s ALICE code that has been developed
by Fukahori of JAERI. A number of extensions have been made to the original code,
including a capability to model reactions at energies up to many hundreds of MeV.
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This code applies the hybrid and geometry-dependent-hybrid preequilibrium models
[67], with equilibrium decay calculated from the Weisskopf-Ewing evaporation model.
Initial exciton configurations of 2plh or 2p2h can be used in the quasideuteron regime,
and 1plh in the GDR region. The photoabsorption and emission models follows the
descriptions above in Secs. 4.1, 4.2. The ALICE-F code’s role in photonuclear data
evaluation is described by Kishida in Ref. [32], and its use in a recent evaluation for
tantalum has been described by Lee, Fukahori, and Chang [35].

The MCPHOTO code is a version of the MCEXCITON [68] code that has been de-
veloped by Kishida etal. to calculate photo-induced reaction data. This code applies
the Random Walk Exciton Model [69] with equilibrium decay calculated following the
treatment of Ref. [69] using the Monte-Carlo method. This code has been used to cal-
culation of particle decay process after photon absorbed by certain nuclei, at the JAERI
laboratory.

4.3.3 GUNF and GLUNF (Beijing)

The GUNF code, developed by Zhang et al. at the Chinese Nuclear Data Center, applies
the exciton model for preequilibrium emission processes, and the Hauser-Feshbach theory
for compound nucleus decay. Recoil effects in multi-stage emission processes are included.
The preequilibrium exciton model is implemented using the master-equation approach.
This model was generalized to include angular momentum and parity conservation, which
allows a unified treatment of preequilibrium and equilibrium emission. Preequilibrium
cluster emission processes are also included. Again, the photoabsorption and emission
processes are computed using the approaches outlined in Secs. 4.1, 4.2. Full details can
be found in the GUNF code manual [70].

A specific version of the above code was developed to calculate photonuclear reactions
on light nuclei. In particular, GLUNF (GL stands for “Gamma Light”) calculates reac-
tions v + ?Be up to 30 MeV. At low energies, the giant dipole resonance is the dominant
reaction mechanism and isotropy is used for the angular distributions of outgoing particles.
Because of relatively strong recoil effects in light nucleus reactions, the energy balance is
strictly taken into account in expressions for spectra of the outgoing particles. Based on
the unified Hauser—Feshbach and exciton models, emission ratios for each specific excited
level can be calculated. The expressions for double differential cross-sections are explicitly
provided for discrete levels in sequential two—body reactions, three-body breakup process
and two—body cluster separation. The GLUNF code calculates the following quantities:

Photoabsorption cross-sections

Cross-sections for all reactions

Energy spectra of outgoing particles for each reaction channel

Total neutron spectrum.

The code converts the calculated quantities into the ENDF-6 format. The relevant ex-
pressions can be found in Ref. [71].
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4.3.4 XGFISS (Obninsk)

The XGFISS code [72] has been developed by A. Blokhin of IPPE for calculations of
photofission and photoneutron cross-sections in the frame of the statistical model, using
neutron emission decay from the Weisskopf evaporation model [54], and the fission prob-
abilities from the penetrability of double(triple)-humped fission barriers, see Sec. 4.2.5.
The photoabsorption cross-sections are calculated using the approaches described in Secs.
4.1. The input consists of the following quantities:

e Parameters of two (one) Lorenz curves or tables of photoabsorption cross-section.
Default: the photoabsorption cross-section is calculated using the systematics of
Lorenz parameters adopted within the code,

e Level density parameters or their systematics,
e Neutron binding energies,
e Parameters for double(triple)-humped fission barrier, and

e Nucleus-target, spin, parity and deformation of the ground state, y-ray energy range
and energy step.

Output is arranged into tables with (v, abs), (v, xn), (v, 1n), (v, 2n), (v, F), (v, f), (v,nf)
and (v,2nf) cross—sections for the y-ray energy range up to 20 MeV. The results of
calculations are presented in the ENDF-6 format. Theoretical models used in the code

are described in Ref. [72].

4.4 Relation Between Electron and Photon Induced
Reactions

Consider scattering with an electron with initial energy Ey and momentum F, final energy
E; and momentum Py, with transferred energy I = £y — Ey and transferred momentum
qg= ]30 — P} In inelastic electron scattering experiments the scattered electron is detected
at some angle # with respect to the incident beam, having transferred momentum ¢ and
energy FE, to the nucleus. As a result of the nuclear excitation, other kinds of nuclear
debris may be emitted, but the experiment integrates over all the final states of these
outgoing particles, since only the electron is detected. The photonuclear cross-section
is the low-¢g limit, ¢ — FE, of the electron scattering cross-section. When real photons
are absorbed, only the very first few multipoles are involved; whereas the absorption of
virtual photons, i.e., electron scattering, can involve higher multipoles, the complexity of
the electron scattering spectrum growing with q.

On the other hand, an electrodisintegration experiment is one in which an outgoing
nuclear fragment or a radioactivity is detected. Since the outgoing electron is not observed,
the experiment integrates over all of its final states. The electrodisintegration cross-section
includes all the multipoles excited in electron scattering, but it emphasizes the transverse
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parts of the interaction, because it is dominated by the very forward angles (that are
never sampled in electron scattering experiments).

The cross-section [73], [74], [75] in Born approximation for the inelastic scattering of
an electron of initial energy Ey and final energy Ey into a solid angle df2 and providing
an excitation of energy F, and multipole order AL, is given by:

;Z_;‘Z:gwﬁ (%)% [Vc(e)é[ﬂ%( ] + V(0 Li;l[ ” (4.13)

where ¢% = ¢ — E?, Vi and Vy are coefficients depending only on kinematical variables,
and Fc(q) and Fp(q) are related to the reduced matrix elements of the Coulomb and
transverse operators, connecting the nuclear ground state, I, with some excited state, Ij.
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The electron scattering cross-section is dominated by small-angle, low-¢q, transverse
photon-like transitions owing to the (¢ — E?)? factor in the denominator of eq.(4.13).

The virtual photon spectra, required for the analysis of electrodisintegration experi-
ments, are obtained by comparing the electron scattering cross-section of eq.(4.13) with
the photonuclear cross-section, integrated over the level:

~ (5 gt LI < BITHE) > P+ < BITE™ () o> ]
= () 0 S [FHE)]

which is proportional to the electron scattering cross-section as ¢ — E.. So that one can
define:

dNM B, do
Q. o, (E,)dE, dQ’

(4.16)
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Even though the Coulomb operator cannot be responsible for excitations by real photons,
a similar expression can be written for these excitations through the use of Siegert’s
theorem, which connects Ff%(q) and F4(q), as ¢ — E.:

Fé(q)- (4.17)

In the long wavelength limit, ¢r < 1, where r is the nuclear radius, the transition prob-
abilities can be cancelled and the electric and magnetic virtual photon spectra can be
calculated. The basic premise of the virtual photon technique is that we can express the
electrodisintegration cross-section for the emission of a particle x, o, ,(Ep), in terms of
the corresponding photonuclear cross-section, J)‘L 2(E,), associated with the abborption of
real photons of multipolarity AL, through the V1rtual photon spectrum, N (Ej, E, 7),
by:

dE
oo (Eo) / NM(By, B, Z) 2. 418
g ( 0 Threshold%:o- ( 0 7 ) E’Y ( )

The validity of this expression stems from the cancellation of the reduced matrix elements
for photo and electrodisintegration, which is exact in the limit ¢ — F..
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Chapter 5

Evaluations

This Chapter describes evaluations of photonuclear reactions. We start with evaluations
based on experimental data, proceed with evaluations based on model calculations, and
end up with methods used for producing evaluated photonuclear libraries.

5.1 Evaluations Based on Experimental Data

An absence of sufficiently intense beams of monoenergetic photons is one of the main
problems in experimental studies of photonuclear reactions. There are several methods
aiming at circumventing this problem. In particular, one can use

e Data obtained using continuous bremsstrahlung beams. The corresponding pho-
tonuclear cross-section is derived by unfolding the observed data, and

e Quasi-monoenergetic beams produced most often by annihilation of relativistic
positrons or tagged photons.

The resulting differences in actual spectral distributions of photons as well as their sub-
stantial deviations from a delta function cause serious challenges for the comparison of
different experiments and for the evaluation of data: systematic disagreements have been
observed between data obtained by bremsstrahlung and quasi-monoenergetic beams [76].
In addition, significant discrepancies in absolute values of cross-sections, as well as in the
positions of the resonance peaks, have been observed [77], [78]. This was supported by a
systematic study of more than 500 experimental total photoneutron reaction cross-sections
[79], where discrepancies in shape, absolute values and average energies were found and
analyzed.

These discrepancies were attributed to three aspects of experimental procedure: actual
difference in photon spectra; absolute normalization of cross-sections; and calibration of
photon energies. An evaluator is challenged to resolve these discrepancies, or disregard
parts of the data. To this end, an evaluation procedure to handle experimental photonu-
clear data has been developed by the CDFE Moscow group.

The first step of the CDFE procedure is to transform experimental data obtained by
different methods (different photon spectra) so that they can be treated as reasonable
approximations of data measured by monoenergetic beams, allowing them to be directly
compared. To achieve this, data are reduced to the same quasi-monoenergetic photon
spectrum, employing a so-called “method of reduction” of experimental data. The second
step consists of removing systematical discrepancies caused by normalization (absolute
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Figure 5.1: Experimental and evaluated cross-sections for the °® Pb(vy, xn) reaction. (a) Ex-
perimental data compiled from 9 papers published in the period 1964-198/. (b) Evaluated data
obtained by the method of reduction with the 120 keV resolution (line with error bars) compared
with the fine resolution experiment using tagged photons (stars) [80].

values of cross-section) and by energy shifts due to energy calibration. These two steps
are briefly explained below.

The observed cross-section, crObse’“”ed(E;), at the photon energy £/, is related to the
true cross-section, o'"“¢(E,), at the energy E, as

O_observed(E’ly) — / W(E;, E,Y)O'true(E»y)dE»y + M(E”y)’ (51)

where W(E!, E,) is the spectrum of photons (apparatus function), and p is the error
(additive noise). This equation can be schematically written in operator form

O_observed — WO_tTue + L. (52)

The method of reduction represents a technique of statistical mathematics [81, 82] to
transform o°**¢"v*? into a quantity relevant to a quasi-monoenergetic photon spectrum U.
This is achieved by applying an appropriate operator R to the above equation. Defining

greduced — poobserved [ — RW and fi = Ry one gets

O_redu.ced — Uo_true + Ia (53)
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The first step of the procedure consists in finding a realistic quasi-monoenergetic photon
spectrum U, usually a Gaussian with a sufficiently narrow width, and deducing the oper-
ator R (see Ref. [78] for more details). In this way, a set of different measurements can
be reduced to the same photon spectrum that satisfies the requirement of being quasi-
monoenergetic. The unfolding of Eq.(5.1) is thus avoided, which represents an advantage.
A disadvantage is that o"?“? rather than ¢'"*¢ is obtained.

The second step of the evaluation procedure consists of removing discrepancies be-
tween data sets assumed to be caused by absolute normalization of cross-sections and by
calibration of photon energies. Adopting a simple linear renormalization and a simple
additive recalibration (photon energy shift), this second step is achieved by applying a
transformation of the type

O_evaluated(E’y) =a+ (1 + b)o_reduced(EV’y + C). (54)

Actual values of the renormalization parameters a,b and the photon energy shift ¢ are
found by a least squares fitting over all experimental points to minimize discrepancies
between data sets (for more details see Ref. [78], with refinements explained in Ref. [83]).

As an illustrative example, 2% Pb(v, xn) cross-sections are shown on Figure 5.1. Part
(a) (upper figure) shows initial experimental data, and part (b) (lower figure) compares
evaluated cross-sections with the fine resolution results obtained using tagged photons

[80].

The described procedure was applied by the CDFE Moscow group to evaluate 26
materials constituting the Evaluated Photonuclear Data Library, EPNDL:

e Materials: 2H, ®7Li, “Be, "aC, nat16(Q, 20.22Ne, natA] 28Gj nalCa, 52(Cr,
54,56]__7‘87 1’L(‘/L1§,58,601\H7 63’65011, natZI.’ 1411:)1.’ nath’ nat,235,236U

e FEnergy: giant dipole resonance range, up to 20-30 MeV

e Data types: mostly (v,abs), partly (v, 1n), (v, 1p), (7,2n) and (v, np).

5.2 Evaluations Based on Model Calculations

Theory plays a key role in essentially all evaluations that can be utilized by radiation
transport codes, since a nuclear model code is capable of providing the comprehensive
cross-section information that is needed, 7.e. emission spectra, angular distributions, etc.,
in addition to cross-sections. Furthermore, a nuclear model code provides all this infor-
mation in a way that automatically satisfies the conservation laws of energy, momentum,
unitarity, and so on.

However, it is important to stress that model-based evaluations also crucially rely on
experimental data in a number of ways. Experimental information usually guides the
evaluated absorption cross-section. Likewise, researchers place a great importance on
accurately modeling measured (v, 1n), (v, 2n), etc. excitation functions. Having modeled
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these processes accurately, one may then rely with more confidence on the emission spectra
of secondary ejectiles predicted by theory.

Details of the nuclear theory and models used in photonuclear evaluations were pro-
vided in Chapter 4. In this subsection, general procedures that are used in model-based
evaluations are summarized. The information provided below is, by necessity, rather
general in nature, since specific details vary from laboratory to laboratory. Further de-
tails can be obtained from publications by individual evaluators, and by studying the
documentation included within an ENDF file.

The major steps in an evaluation consist of:

1. Develop theoretical and computational tools to calculate photonuclear reaction
cross-sections. See, for instance, the physical models described in Chapter 4, along
with the computer codes that have been developed.

2. Collect together all available experimental data that has been measured for pho-
tonuclear reactions on the target material of interest. Compilations of information
on experiments, such as the work of Varlamov [22] (see the Annex of this TEC-
DOC), and Dietrich and Berman [3], are particularly useful. See Chapter 3.2 for
detailed discussions of all the experimental information that is available.

3. Based on the above experimental information, evaluate the photoabsorption cross-
section, which is usually taken as an input to the subsequent nuclear reaction calcu-
lation. This evaluation may be based upon available total photonuclear absorption
experimental data; on the experiment-based evaluations of the Moscow EPNDL
library; or on model calculations using giant-resonance and quasideuteron mecha-
nisms, as described in Chapter 4.1

4. Calculate the (v, 1n), (v,2n), (v, 1p) etc. excitation functions, and compare against
available experimental data. If different experiments are discrepant with one an-
other, establish methods to assess which experiment is most likely to be accurate.
(In some cases, experimentalists have already addressed these discrepancies).

5. If the calculated excitation functions, described above, disagree with the measured
values, consider studying the sensitivity of the model calculations to some of the
input parameters used. For instance, the calculated excitation functions can depend
sensitively on the level densities, and optical potentials, that are used. Adjust
these input parameters within their ranges of known validity to optimize agreement
between calculation and experiment.

6. If photofission can occur, model calculations are most reliable when photofission
cross-section measurements are available. This allows the fission barrier heights
and widths to be inferred from the data, for first-chance, second-chance, ... fission.
Calculated fission cross-sections depend sensitively on these parameters, as well as
on the level densities used to describe the transition states.

7. When an acceptable representation of available measured data is obtained, use the
model calculations to predict cross-sections, and emission spectra, for a fine incident
and emission energy grid.

8. Convert the calculated results into the ENDF-6 format, and document the methods
used to arrive at the evaluated results
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5.2.1 Emission Spectra

An important aspect to the present project has been the generation of photonuclear
data describing the emission spectra of the secondary ejectiles. This information was
obtained from the preequilibrium and equilibrium decay models described in chapter 4.
The inclusion of emission spectra data allows the evaluated ENDEF files to be used in
radiation transport computer simululations, which need such information for describing
and tracking the secondary ejectiles as they undergo further interactions with matter.

As discussed in Chapter 4.2.3, very few measurements exist for the spectra of secondary
particles from monoenergetic source photons. An example was provided in Figure 4.2 for
photons incident on calcium. Nevertheless, one may have confidence in the accuracy of
the evaluated spectra in cases where the agreement between the calculated and measured
channel cross-sections (v, 1n), (7, 2n), etc., is good. This is because the energy dependence
of the emission spectrum stronly influences the relative population of various product
nuclides when multiparticle emission is possible.

Neutrons from *#1Ta(g,xn)

ProeN

PronNeN

Figure 5.2: The probability distributions for neutron (upper graph) and proton (lower graph)
emission spectra, for photons incident on 8! Ta. These 3D perspective graphs show the proba-
bility distributions as a function of both secondary particle energy and incident photon energy.

All the ENDF evaluations generated by this project include emission spectrum data.
An example is given above in Figure 5.2 for the angle-integrated spectra of neutrons (up-
per figure) and protons (lower figure), from photons incident on ¥'Ta. The 3D perspective
plots show the spectra as a function of the secondary particle emission energy, for vari-
ous incident energies up to 150 MeV. The spectra are given as probability distributions
normalized to unit area. The increasing role of high-energy preequilibrium ejectiles with
increasing incident energy is clearly seen. Also, for neutrons one sees a large probability
for the emission of low-energy evaporation neutrons, whereas for protons the coulomb
barrier suppresses low-energy emission.
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5.3 Methods Used for Producing Evaluated Libraries

This section provides summaries of the approaches used to produce evaluated photonuclear
data libraries that have been adopted by various laboratories in the present project.
The libraries are arranged alphabetically according to their acronyms: BOFOD, CNDC,
EPNDL, JENDL, KAERI and LANL.

5.3.1 Obninsk Library (BOFOD)

The BOFOD photonuclear data library is a special purpose file of the Russian general pur-
pose data file BROND. The initial contents of the BOFOD library included photonuclear
data up to 20 MeV as described in Ref. [84]. In 1994-1999, new evaluated photonuclear
data were prepared and included into the updated BOFOD library (also called BOFOD-
99). This updated library is aimed at applications in radiation transport and radioisotope
production.

The library consists of the following 70 materials:

1. 39 materials (36 isotopes and 3 natural compositions), with data for transport cal-

culations, up to v energy 20 MeV:
23 50,52,53,54 55 54,56,57,58 natN\; 58,60,62,64N; 88Q, nat 90,91,92,94,96
Na, Cr, °°Mn, Fe, ™¥*Ni, Ni, ®°Sr, "*Zr, /r,

natph, 209Bj 232, 233,234,235,236,2387] 287N 238,280,241 Py 241,243 Ay i 243,244,245y
9 Y ) ) ) 9 *

2. 2 materials, up to v energy 70 MeV, with evaluated data for neutron production

(cross-sections and energy distributions):
9Be and '8! Ta.

3. 19 materials, up to v energy 20 MeV, with photoabsorption cross-sections:
92,94,96,98,100 114,116,118,120,122,124Q,, 120,122,124,126,130 182,184,186
Mo, Sn, Te and W.

4. 10 materials with specific production cross-sections for positron emitters, for positron-
electron tomography (PET). The data are up to 7 energy 70 MeV, produced by
combining fitted experimental data and model calculations. The list includes:
2C(v,n), MN(v,n), *°O(y,n), PF(y,n), "Ne(y,2n + p), **S(v,np), ¥Cu(y,n),
Cu(y,n), "Ga(y,n) and *Pa(y, n).

The BOFOD-99 library is in the ENDF-6 format and it can be identified by NLIB=42.
The following MT numbers were used for representing the photonuclear reactions:

MT Quantity
3 Photoabsorption cross-section
4 Single neutron emission cross-section (v, 1n)
5 (v,sn)
16 Double neutron emission cross-section (7, 2n + 2np)
18 Photofission cross-sections (v, f)

28 (v,np)
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5.3.2 Beijing Library (CNDC)

The Beijing Photonuclear Library, also called the China Evaluated Photonuclear Data
File, is being developed by the China Nuclear Data Center (CNDC). The library includes
data up to y-ray energy of 30 MeV, namely (v,7), (7,1n), (v,1p), (7, 1), (v,1 3He),
(v, 1t), (7v,2n), (y,np), (y,na) and (v,3n), both spectra and angular distributions of
outgoing particles.

The CNDC Beijing evaluated photonuclear data for the following 24 nuclides: ?Be,
AL B1Y, 05253540y 54,56,57,58 g 63,65y, 90919294967, 180,182,183, 184,186\ o | 209,

Evaluation Methods

The evaluation methodology is based upon a critical analysis of experimental data
combined with theoretical calculations. The experimental photonuclear database was
obtained from the EXFOR master file of the TAEA Nuclear Data Section. Experimental
data for materials under evaluation were retrieved, collected and analyzed. In general,
these experimental data cover the photon energy range from threshold up to 30 MeV.

In order to calculate photonuclear data, the best neutron optical potential parame-
ters were searched automatically using the code AUTOOPT. Based on the fitting of the
experimental data including total cross-sections, nonelastic scattering, elastic scattering,
and their angular distributions, a set of optimum neutron parameters was obtained, The
optical model parameters for charged particles (p,«,d, *He and t) were taken from the
relevant references.

Using the code DREAM, a set of discrete levels, pairing corrections, level density
parameters and giant dipole resonance parameters as well as relevant ground state masses
and J7™ values was taken from the Chinese Evaluated Nuclear Parameter Library CENPL.
Afterwards, photonuclear reactions were calculated using the reaction codes GUNF and

GLUNF.

The total photoneutron cross-section (v, 1n) was obtained by summing of photoneu-
tron excitations to the ground state, higher excited states and continuum. GDR pa-
rameters were adjusted automatically with the code GUNF or GLUNF by fitting the
experimental cross-sections for (v, 1n), (v, 1nx), (7, 2n), (7, abs) and other reaction chan-
nels. Calculated cross-sections for many channels were in good agreement with existed
experimental data, giving some confidence to cross-sections where experimental data are
not available.

Format

The checking and testing of evaluated data in the ENDF-6 format was carried out
using computer codes of the CNDC and the US National Nuclear Data Center. This
included format, consistency between the total and the sum of partial cross-sections,
physics parameters and energy balance between incident v and emitted particles.

The resulting data were arranged into computer files using the ENDF-6 format with
the following specifications:
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MF MT Quantity
1 451 Description and Dictionary
3 3 Photoabsorption cross-section
3 4 Cross-section for (v, 1n)
3 16  Cross-section for (v, 2n)
3
3

17 Cross-section for (v, 3n)
50,51,...,66,...,91  Cross-sections for partial excited states, from ground state to
the highest state and continuum
3 102,...,107,111  Cross-sections for (v,7), (v,1p), (v,1d), (y,1t), (v,1 3He),
(7, 1) and (v, 2p)
6 16,17,22,28 91 Double differential cross-sections for (v, 2n), (v,3n), (v, na),
(v,np) and (,n continuum)

5.3.3 Moscow Library (EPNDL)

The evaluation methods used here were described in some detail in Section 5.1, and so
we do not repeat them here. Note that this method focuses on reconciling discrepant
experimental data, to arrive at an evaluated result based on measurements alone. The
method does not address secondary emission spectrum data.

5.3.4 JENDL Library (JENDL)

The JENDL Photonuclear Library, also called JENDL Photonuclear Data File, contains
v-ray induced reaction data up to 140 MeV (pion threshold). The library is provided
for applications such as neutron shielding, radiation therapy and estimation of radioac-
tive isotopes produced in electron accelerators. The photon absorption cross-section is
evaluated with the giant dipole resonance model and quasi-deuteron model, and the de-
caying processes are estimated with the statistical model with pre-equilibrium correction

by using MCPHOTO [85] and ALICE-F [66] codes.

Nuclei included in the JENDL Photonuclear Data File (30 elements, 51 isotopes):
2H, 9Be, 12C, 1N, 160, 28Na, 205.20)\[g 27A], 28.2930G] 4048C1y 4648y 5Ly 520y 5)\[p,

54,567 59 58,60,61,62,64N]; 63,65 64 90r7.. 93 92,94,96,98,100 133 160 181
Fe, °?Co, Ni, Cu, **Zn, *°Zr, °Nb, Mo, "2°Cs, "°*Gd, **'Ta,
182,184,186\ 197 206,207,208 2091; 17235,238

W, “7Au, Pb, <’Bi, U U.

Evaluation Methods

Evaluation of the JENDL Photonuclear Data File was performed by making use of
combination of experimental data and model calculation, because of a lack of experimental
data for all quantities of interest. Some of the experimental data for photonuclear reac-
tions are available in the Atlases of photonuclear cross-sections and in the EXFOR library.
JNDC has also compiled a Photonuclear Reaction Data Index [23]. Data obtained by a
least squares fitting procedure and model calculations are combined to evaluate photoab-
sorption and photoneutron cross-section. The fitting function for the photoabsorption
cross-section is based on a sum of GDR and quasi-deuteron components. In the GDR
region, multiple Lorentz resonance curves are used, whereas for the quasi-deuteron regime
the formalism by Chadwick et al. [31] was adopted, see Sec. 4.1.
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If experimental data for the photoabsorption cross-section are not available but data
for the photoneutron cross-sections exist, then theoretical predictions for the ratio of the
photoneutron absorption cross-section to the total absorption cross-section are used. This
allows the total absorption cross-section to be inferred from the available photoneutron
data. In cases where no experimental data are available, systematics and parameter
compilations for the GDR were used. For energy spectra, angular distributions and double
differential cross-sections for emitted light particles and isotope production cross-sections,
the codes MCPHOTO and ALICE-F were used with GDR and quasi-deuteron models.
Angular distributions of emitted particles were obtained with the formalism described in
Sec. 4.2.4.

Format

Major applications at intermediate energies require a knowledge of isotope production
cross-sections and double differential light particle spectra. For most applications it is
sufficient to represent the particles emitted as inclusive emission spectra, 7.e. production
cross-sections and spectra. In the ENDF-6 format, physical quantities of importance can
be classified into two files, namely, MF=3 for cross-sections and MF=6 for double differen-
tial particle emission spectra. As concerns cross-sections, total absorption, photoneutron,
and isotope and particle production cross-sections should be included. In addition, MF=1
contains evaluation information and comments, and MF=33 contains covariances. The
structure of the file is summarized below.

MF MT Quantity

1 451 Description and dictionary

3 3 Total photoabsorption cross-section

3 5 Total isotope production cross-section

3 18 Fission cross-section

3 201 Neutron production cross-section

3 203 Proton production cross-section
3 204 Deuteron production cross-section
3
3
3
6
6

205 Triton production cross-section
206 3He production cross-section
207 alpha production cross-section
5 Branching ratios (yields) for isotope production cross-section
201, 203-207 Normalized double-differential cross-section for light particles
33 3 Covariance of total photoabsorption cross-section

5.3.5 KAERI Library (KAERI)

KAERI is building a photonuclear data library [35, 86, 87, 86], which currently includes
143 isotopes of 38 elements for incident photon energies below 140 MeV. The list is as
follows:

e Structural, Shielding and Bremsstrahlung Target Materials:
24,2526\ [g 2T A] 505253540y 55\ [y 54565758, 59, 58.60.616264N 63.65(hy,
64,66,67,68,707,) 90,91,92,9.967,. 92,94,95,96,97,98,100\ [,
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112,114,115,116,117,118,119,120,122,124G)  120,122,123,124,125,126,128,130,
) 79

141P1" 165HO 1971Au 209Bi
9 ) ) *

e Biological Materials:
12,13y 14,15N\] 16,17,18() 23 32,33,34,36Q 35,37 40,42,43,44,46,48
C, N, O, *°Na, S, Cl, Ca.

e Nuclear Waste Transmutation:
84,86,87,88,90Q.. 93 93,04 102,104,105,106,107,108 107,108,109 127,129
Sr, *Zr, Nb, Pd, Ag, I,

133,135,137y 144,147,148,149,150,151,152,154Gy )~ 158,159},
b ) *

e Activation Analysis:
27,28 29,30Q: 36,3840 A, 39,4041 46,47,48,49,50;
Si, Ar, K, Ti,

70,72,73,T4,76 (1 110pq_ 106,108,110,111,112,113,114,116 1y 121,123G},
) Y 9 N

Evaluation Methods

Available experimental data were collected and their discrepancies were analyzed to
select or reconstruct the representative data set. Then, the photoabsorption cross-sections
were evaluated by applying the Giant Dipole Resonance (GDR) model for energies below
about 30 MeV, and the quasi-deuteron model for higher energies, up to 140 MeV. The
GDR parameters were adjusted automatically with the GUNF code [70] by fitting the
experimental data of photoabsorption cross-sections or photoneutron cross-sections, as
described in Sec. 4.1. In the discrete resonance regions in some light nuclei where the
GDR model can not be applied, experimental data were fitted with the least squares
procedure.

The resulting representative photoabsorption data were given as input for theoretical
calculations for the emission process of neutron, proton, deuteron, triton, *He, o particles
and 7y rays using GNASH code [33, 65] (see Secs. 4.2 and 4.3).

Format

The KAERI library utilizes MF3-MT5 and MF6-MT5 combinations of the ENDF-6
format to provide a complete representation of the photonuclear reaction data. Pho-
toabsorption cross-section, which is equal to total nonelastic cross-section, is tabulated in
MF3-MT5. Exclusive reaction cross-sections, e.g. (v,1n), (7, 2n), ... are not explicitely
tabulated in MT3 but can be inferred from the cross-sections of heavy recoil products tab-
ulated in MT5. The inclusive production cross-sections and emission spectra for neutron,
proton, deuteron, triton, alpha particles, and all residual nuclides are tabulated by use
of MT=5 in the file MF=6. The description of the ENDF-6 format for the photonuclear
data is summarized in Sec. 6.4.

5.3.6 Los Alamos Library (LANL)

The 12 isotopes included in the Los Alamos Photonuclear Library (LANL, sometimes
also known as LA150.G) are documented in detail in Ref. [47]. Evaluations have been
performed for isotopes of the following elements:
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e Structural, shielding and bremsstrahlung target materials: Al, Si, Ca, Fe, Cu, Ta,
W, Pb

e Biological materials: C, O

The nuclear models used in the GNASH code [65], and the evaluation techniques
employed, largely follow the descriptions given in Secs. 4.2, 4.3, and 5.2. Below are given
a few general details regarding these evaluations that are not described elsewhere in this

TECDOC.

Evaluation Methods

The reader is pointed to the MF=1 documentation given at the beginning of each
ENDF evaluation for full details of the evaluation methods used, together with experi-
mental data that guided the evaluation. An accurate modeling of photoneutron emission
was given a high priority in the LANL evaluations, due to the practical importance of
neutron-production in many applications, though there was an attempt to model charged-
particle production accurately too, particularly for light target nuclei where these channels
are important. Where emission spectra measurements were available in addition to the
usual excitation function data, they were used to validate the preequilibrium and equilib-
rium emission models.

One feature of the Los Alamos photonuclear evaluations is that they extend up to 150
MeV. The reason for this is that there has been an interest at Los Alamos in preequilib-
rium reaction physics, and these processes become important in the 15-150 MeV region.
Additionally, certain applications need data up to 150 MeV. Specifically, there has been a
recent interest at Los Alamos in developing neutron- and proton-induced (LA150 library)
ENDF evaluations up to 150 MeV for accelerator-driven technologies (for waste trans-
mutation, energy-production, tritium production etc.) [6]. For the MCNP and MCNPX
codes to perform radiation transport simulations of these technologies in a fully coupled
manner, photonuclear libraries are also needed up to 150 MeV.

For the light biologically-important target materials included in the LA150.G library
(C, O), certain experiment-based evaluation methods were applied, that are worth high-
lighting here. In particular, unlike photonuclear reactions on medium and heavy nuclei,
direct reactions, where a neutron or proton is emitted leaving the residual nucleus in
its ground or low-lying discrete state, become important and account for a large frac-
tion of the reaction processes, particularly in the giant dipole region. Theories describing
these direct reactions have traditionally poorly accounted for the measured cross-sections.
Therefore, the LA150.G evaluations involved a determination of these direct reactions to
the ground-state (ng and py emission) from experiment; the remaining photonuclear ab-
sorption flux was then made available for preequilibrium and compound nucleus decay in
the usual manner. This procedure is described in detail in Refs. [33, 47], and allows a
more accurate modeling of the neutron and proton emission processes.

Another feature unique to the LANL and also to the KAERI GNASH-based evalua-
tions is the inclusion of emission spectra as well as the production cross-sections of the
heavy recoil nuclear fragments, in addition to the light ejectiles. This recoil information
is not very important for most applications, but the information was straightforward to
include due to the physics models and computational tools already developed for nucleon
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reactions [6] (where the recoil information is very important for quantifying radiation
heating and damage). The recoil velocities are calculated in a coupled manner as the
sequential particle and gamma-ray decay processes occur, following the kinematics of the
emission processes. The recoil spectra information is useful for analyzing processes where
a high-concentration of energy deposition by nuclear fragments in a small volume is im-
portant — e.¢g. radiation damage, including single-event upsets in microelectronics, and
the relative biological effectiveness of radiotherapy beams.

Format

The LANL evaluations use a very simple ENDF format representation, making use
exclusively of MT=5, together with file-3 and file-6 (MF=3 and MF=6). The photoab-
sorption cross-section, which equals the total nonelastic cross-section, is tabulated in file-3
MT=5, whereas emission multiplicities (yields) and spectra of all light charged particles,
gamma-rays, and heavy nuclear products, are tabulated in file-6 MT=5.

What this means in practice, for readers who are not ENDF-format aficionados, is that
the evaluations made use of inclusive production cross-sections, e.g. (7, xn), rather than
separately tabulating each exclusive reaction, e.g. (v, 1n), (v,2n), .... The use of this
representation at higher energies is driven by practical considerations, since the number
of exclusive reactions possible at higher energies increases combinatorially. Furthermore,
there are few applications where the exclusive reaction information is really needed, and
the inclusive production cross-section information tabulated in LA150.G is quite adequate
for almost all applications.

Whilst, for instance, (v, 1n) and (v, 2n) cross-sections are not specifically tabulated in
the LA150.G files as MT=4 and MT=16, this same information is, in fact, available in the
file by looking at the production cross-section tabulated in MT=5 for the corresponding
heavy recoil product. This situation, though, is not true for cases where the light ejectiles
cannot be uniquely identified by knowing the heavy reaction product — for instance, the
(v,np) and (7, 1d) reactions both produce the same heavy product.
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Chapter 6

IAEA Photonuclear Data Library

The TAEA Photonuclear Data Library represents a computerized data file containing
evaluations of photonuclear cross-section data. The library bears the name “TAEA”,
indicating that it aims to be an internationally recognized data file. The library was
selected by participants of the present project from amongst all the sources of evaluated
photonuclear data available. However, only data that can be used in radiation transport
codes were considered, that is, data that are complete and include information on the
spectra of emitted particles.

Below we describe the procedures adopted to select the evaluations. This is followed
by a summary of the contents of the library; some comparisons of evaluations with mea-
surements to illustrate the selection methods; a discussion of the format in which the
cross-sections are stored; and information regarding access to the library.

A graphical presentation of the library, where comparisons are made between evalu-
ation and experiment for all materials that are included in the library, can be found in
Appendix B.

6.1 Selection Procedure

The selection procedure consisted of three major steps: collection of evaluations from
various laboratories after their due completion; intercomparison of evaluations for each
material; and selection of the best evaluations.

Step 1: Collection. The following 6 photonuclear data libraries were collected, inter-
compared and subjected to consideration for selection:

e BOFOD library, by IPPE Obninsk, Russia [8§]
e CNDC library, by CNDC Beijing, China [89]

e EPNDL library, by CDFE Moscow, Russia [90]. These are purely experimental
cross-sections obtained by the method of reduction, without emission spectra, and
are therefore not the subject of selection.

e JENDL library, by JAERI Tokai, Japan [91]

e KAERI library, by KAERI Taejon, Rep. of Korea [92]
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e LANL library, by LANL Los Alamos, USA [47]

The names of these libraries represent abbreviations that are either related to the name
of the laboratory of its origin or to the specific name of the library or file. Thus, BOFOD
is derived from the Russian 'Bibliotheka Fotoyadernykh Dannykh’ meaning Library of
Photonuclear Data. CNDC stands for the China Nuclear Data Center. EPNDL means
Evaluated Photonuclear Data File. JENDL stands for the Japan Evaluated Nuclear Data
File, including the Photonuclear Data File that we actually have in mind in the present
project. KAERI means Korean Atomic Energy Research Institute. Finally, LANL refers
to the Los Alamos National Laboratory evaluations that extend up to 150 MeV.

Step 2: Intercomparison. Intercomparison was applied individually to each material
(target isotope and/or element). It consisted of the following steps:

e Available evaluated data were compared against each other and also against the
measured data taken from the experimental cross-section library EXFOR [93] (the
US alias name for this library is CSISRS). To this end, plots were produced for (v,
abs), (v,xn) and (v, F') cross-sections as needed.

e Results of this intercomparison were discussed by the CRP participants at two

meetings (Los Alamos 1998, and Tokai 1999).

e Problems were identified and resolved by additional technical activity as needed.

Step 3: Selection. The following criteria were applied to determine which evaluation
should be recommended in cases where more than one evaluation exists.

The two most important criteria were:

e Quality of evaluation. In particular, the extent to which the evaluation agrees with
measured data was considered. For this purpose, comparison was also made with
cross-sections incorporated in the Moscow library EPNDL.

e Completeness of evaluation. The evaluations were primarily intended for use in ra-
diation transport codes, and therefore it is important that they include descriptions
of, for instance, the energy spectra of photoneutrons.

Additional criteria that were considered:

e Energy range. The upper energy limit should be as high as possible. Thus, for
instance, a 140-150 MeV maximum energy was considered preferable to 20-30 MeV,
all other things being equal.

e Processing. The evaluations should be processable by the well-established and in-
ternationally recognized processing code NJOY [94], for use by a transport code
such as MCNPX/MCNP [95, 4].
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For final selection the following criterion was applied:

e Consensus. Selection of the data judged to be the best was reached by consensus of
all CRP participants.

The above procedure was applied to each of the 164 isotopes included into the TAEA
Photonuclear Data Library. In practice, competing evaluations were available mostly
for 40 isotopes considered as priority materials (see Chapter 1), while for most of the
remaining isotopes only a single evaluation was available.

To illustrate various aspects of our selection procedure employed, we show four specific
examples for the nuclei 1 Ta, 2C, 51V and 2%°U.

60 I . , ;
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Figure 6.1: Fuvaluated cross-sections for 8T, a(~y, xn) compared with measurements

Figure 6.1 shows 1Ta (v, xn), which is a dominant reaction for such a heavy nucleus.
Experimental data are compared with evaluations from LANL and JENDL/KAERI. In
this case the evaluated results are in very close agreement, even though they were obtained
with different modeling codes (GNASH and ALICE-F repsectively). Notice that both
evaluations agree with the higher data from Saclay, rather than the lower Livermore
values. Since the calculated ¥'Ta results, together with reasons for adopting the Saclay
(v, xn) data, were first published by Lee et al. [35] in a journal publication, we selected
the JENDL/KAERI evaluation here.
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Figure 6.2: BEvaluated cross-sections for ®1 V(y,xn) compared with measurements

Figure 6.2 shows 'V (v, xn), which is an important reaction for this medium-mass
nucleus. Experimental data are compared with evaluations from CNDC and JENDL. Both
evaluations provide a good representation of the experimental data, which are somewhat
discrepant amongst one another. The Chinese CNDC evaluation was selected here.

8 15
12 12
C(v:ny) C(v.po)
_ 6 Evaluation . Evaluation
Fel o Fuller evaluation, Wu (1968) fe 10 o Fuller evaluation, Allas (1964)
é é o Matthews (1976)
= =
o o
g4 g
%] »
) 7}
%] 1%}
<) o 5
(@] 8]
2 L
0 j : 0 = =
0 50 100 150 0 50 100 150
Ey(MeV) Ey(MeV)

Figure 6.3: Evaluated cross-sections for C (y,ng) and *C (v, po) compared with measure-
ments.

Figure 6.3 shows C (v,n9) and (v, pp) reactions, where the residual nuclei are left
in their ground states. These are specific reaction channels of importance in light nuclei,
and the evaluations are based on the measured data shown in the figures. Only the LANL
evaluation includes this detail in its light-nucleus evaluations, and also includes legendre-
coefficients for the angular distributions of the emitted particles. Therefore the LANL
evaluation was selected. (A more detailed figure showing these data is given in Appendix

B).
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Figure 6.4: Buvaluated cross-sections for 23° U(~y, F') compared with measurements

Figure 6.4 shows 23°U (v, F') total fission, which is an important reaction channel for
actinide nuclei. Experimental data are compared with evaluations from BOFOD, EPNDL
and JENDL. The BOFOD evaluation was selected since it is the most complete evaluation
and includes information on the fission neutron average multiplicity and spectra, which
are important for transport calculations.

A summary of photonuclear evaluations used for intercomparisons and selection is
given in Table 6.1. The table lists 164 nuclei, showing MT numbers of the ENDF-6
format for evaluations in 5 national libraries. The name of the library which supplied
recommended evaluation is given in the last column. Comparison with experimental data
can be found in Appendix B.
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Table 6.1: SUMMARY OF PHOTONUCLEAR EVALUATIONS

Listed are evaluations from 5 national libraries used in intercomparison and selection.
Columns 2-6 show MT numbers of these evaluations, column 7 identifies selected evalua-
tion.

Nucleus BOFOD CNDC JENDL LANL KAERI Selected
< 20MeV < 30MeV < 140MeV < 150MeV < 140MeV Evaluation

H-2 3,4,50 JENDL
Be-9 4,201 3,16,28,29,102-106 3,5,201,203-207 CNDC
C-12 4 3,5,201,203-207 5,50,600 5 LANL
C-13 5 KAERI
N-14 4 3,5,201,203-207 5 JENDL
N-15 5 KAERI
O-16 4 3,28,201,203-207 5 5 LANL
O-17 5 KAERI
O-18 5 KAERI
Na-23 4 Planned 5 KAERI
Mg-24 Planned 5 KAERI
Mg-25 Planned 5 KAERI
Mg-26 3,5,201,203-207 5 KAERI
Al-27 3,4,16,22,28,50-79,91,102-107,111 3,5,201,203-207 5 5 LANL
Si-27 5 KAERI
Si-28 3,5,201,203-207 5 5 KAERI
Si-29 3,5,201,203-207 5 KAERI
Si-30 3,5,201,203-207 5 KAERI
S-32 28 5 KAERI
S-33 5 KAERI
S-34 5 KAERI
S-36 5 KAERI
Cl1-35 5 KAERI
Cl1-37 5 KAERI
Ar-36 5 KAERI
Ar-38 5 KAERI
Ar-40 5 KAERI
K-39 5 KAERI
K-40 5 KAERI
K-41 5 KAERI
Ca-40 3,5,201,203-207 5 5 LANL
Ca-42 5 KAERI
Ca-43 5 KAERI
Ca-44 5 KAERI
Ca-46 5 KAERI
Ca-48 Planned 5 KAERI
Ti-46 Planned 5 KAERI
Ti-47 5 KAERI
Ti-48 Planned 5 KAERI
Ti-49 5 KAERI
Ti-50 5 KAERI
V-51 3,4,16,22,28,103-107,111 3,5,201,203-207 CNDC
Cr-50 3 3,4,16,22,28,50-56,91,102-107,111 5 CNDC
Cr-52 3,4 3,4,16,22,28,50-68,91,102-107,111 Planned 5 CNDC
Cr-53 3,4,16,22,28,50-71,91,102-107,111 5 CNDC
Cr-54 3 3,4,16,22,28,50-68,91,102-107,111 5 CNDC
Mn-55 4 Planned 5 KAERI
Fe-54 3,28 3,4,16,22,28,50-55,91,102-107,111 3,5,201,203-207 5 JENDL
Fe-56 3 3,4,16,22,28,50-59,91,102-107,111 3,5,201,203-207 5 5 JENDL
Fe-57 3,4,16,22,28,50-61,91,102-107,111 5 KAERI
Fe-58 3 3,4,16,22,28,50-55,91,102-107,111 5 KAERI
Co-59 Planned 5 KAERI
Ni-58 3 3,5,201,203-207 5 JENDL
Ni-60 3 3,5,201,203-207 5 KAERI
Ni-61 3,5,201,203-207 5 KAERI
Ni-62 3 3,5,201,203-207 5 KAERI
Ni-64 3 3,5,201,203-207 5 KAERI
Cu-63 4 3,4,16,22,28,50-65,91,102-107,111 3,5,201,203-207 5 5 LANL
Cu-65 4 3,4,16,17,22,28,50-63,91,102-107,111 3,5,201,203-207 5 JENDL
Zn-64 3,5,201,203-207 5 JENDL
Zn-66 5 KAERI
Zn-67 5 KAERI
Zn-68 5 KAERI
Zn-70 5 KAERI
Ge-70 5 KAERI
Ge-72 5 KAERI
Ge-73 5 KAERI
Ge-74 5 KAERI
Ge-76 5 KAERI
Sr-84 5 KAERI
Sr-86 5 KAERI
Sr-87 5 KAERI
Sr-88 3 5 KAERI
Sr-90 5 KAERI
Zr-90 3 3,4,16,22,28,103-107,111 3,5,201,203-207 5 KAERI
Zr-91 3 3,4,16,22,28,103-107,111 5 CNDC
Zr-92 3 3,4,16,22,28,103-107,111 5 CNDC
Zr-93 5 KAERI
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Nucleus BOFOD CNDC JENDL LANL KAERI Selected
< 20MeV < 30MeV < 140MeV < 150MeV < 140MeV Evaluation
Zr-94 3 3,4,16,17,22,28,103-107,111 5 KAERI
Zr-96 3 3,4,16,17,22,28,103-107 5 CNDC
Nb-93 3,5,201,203-207 5 KAERI
Nb-94 5 KAERI
Mo-92 3,4 Planned 5 KAERI
Mo-94 3,4,16 3,5,201,203-207 5 KAERI
Mo-95 5 KAERI
Mo-96 3,4,16 3,5,201,203-207 5 KAERI
Mo-97 5 KAERI
Mo-98 3,4,16 3,5,201,203-207 5 KAERI
Mo-100 3,4,16 Planned 5 KAERI
Pd-102 5 KAERI
Pd-104 5 KAERI
Pd-105 5 KAERI
Pd-106 5 KAERI
Pd-107 5 KAERI
Pd-108 5 KAERI
Pd-110 5 KAERI
Ag-107 5 KAERI
Ag-108 5 KAERI
Ag-109 5 KAERI
Cd-106 5 KAERI
Cd-108 5 KAERI
Cd-110 5 KAERI
Cd-111 5 KAERI
Cd-112 5 KAERI
Cd-113 5 KAERI
Cd-114 5 KAERI
Cd-116 5 KAERI
Sn-112 5 KAERI
Sn-114 3 5 KAERI
Sn-115 5 KAERI
Sn-116 3 5 KAERI
Sn-117 3 5 KAERI
Sn-118 3 5 KAERI
Sn-119 3 5 KAERI
Sn-120 3 5 KAERI
Sn-122 3 5 KAERI
Sn-124 3 5 KAERI
Sb-121 5 KAERI
Sb-123 5 KAERI
Te-120 3 5 KAERI
Te-122 3 5 KAERI
Te-123 5 KAERI
Te-124 3 5 KAERI
Te-125 5 KAERI
Te-126 3 5 KAERI
Te-128 3 5 KAERI
Te-130 3 5 KAERI
1-127 5 KAERI
1-129 5 KAERI
Cs-133 3,5,201,203-207 5 KAERI
Cs-135 5 KAERI
Cs-137 5 KAERI
Pr-141 4 5 KAERI
Sm-144 5 KAERI
Sm-147 5 KAERI
Sm-148 5 KAERI
Sm-149 5 KAERI
Sm-150 5 KAERI
Sm-151 5 KAERI
Sm-152 5 KAERI
Sm-154 5 KAERI
Th-158 5 KAERI
Th-159 5 KAERI
Ho-165 5 KAERI
Ta-181 201 3,5,201,203-207 5 JENDL
W-180 3,4,16,17,22,28,103-107,111 CNDC
W-182 4 3,4,16,17,22,28,103-107 3,5,201,203-207 JENDL
W-183 3,4,16,17,22,28,103-107 CNDC
W-184 4 3,4,16,17,22,28,103-107 3,5,201,203-207 5 LANL
W-186 4,16 3,4,16,17,22,28,103-107 3,5,201,203-207 JENDL
Au-197 Planned 5 KAERI
Pb-206 3,5,201,203-207 5 LANL
Pb-207 3,5,201,203-207 5 LANL
Pb-208 3,5,201,203-207 5 LANL
Bi-209 4,10,16 3,4,16,17,22,28,50-64, 3,5,201,203-207 5 CNDC
Th-232 3,4,16,18 BOFOD
U-233 3,4,16,18 BOFOD
U-234 3,4,10,18 BOFOD
U-235 3,4,16,18 3,5,18,201,203-207 BOFOD
U-236 3,4,16,18 BOFOD
U-238 3,4,16,18 3,5,18,201,203-207 BOFOD
Pu-238 3,4,16,18 BOFOD
Pu-239 3,4,16,18 BOFOD
Pu-241 3,4,16,18 BOFOD
Selected 9 12 10 9 124 164
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6.2 Contents of the Library

The library contains evaluated photonuclear data arranged in two categories. Under rec-
ommended, a user will find selected evaluations, judged to be the best available. Under
other _files, one finds data files of all evaluations submitted to the IAEA by laboratories
participating in the present project.

Recommended. Recommended evaluations are provided for a total of 164 isotopes.
This reflects a complete wish list defined at the beginning of the project and discussed in
Chapter 1.

Other files. Included are photonuclear data libraries submitted to the IAEA by 6 lab-
oratories participating in the present project. These libraries are BOFOD (part of files
submitted), CNDC (all files submitted), EPNDL (all files submitted), JENDL (part of
files submitted), KAERI (all files submitted) and LANL (all files submitted). The li-
braries differ substantially in terms of materials (isotopes and/or elements), data types
(reaction channels), energy range of incident photons, and partly also evaluation method-
ology. Although each of these libraries provides data in the ENDF-6 format, there are
differences in the structure and organization of files.

An actual overview can be obtained from README files in the FTP photonuclear
site of the IAEA Nuclear Data Section. Table 6.2 shows the contents of the relevant
directory, UD4:[PHOTONUCLEAR], of the DEC Alpha computer where the library is

actually stored. This is followed by some more details on each of 6 libraries involved.

Table 6.2:  CONTENTS OF THE DIRECTORY UD4:[PHOTONUCLEAR|

Subdirectory Contents

RECOMMENDED TAEA library, 164 materials selected
from libraries listed in OTHER_FILES

OTHER_FILES Libraries submitted by 6 laboratories

OTHER_FILES.BOFOD 27+36+9 materials, including 9 selected
OTHER_FILES.CNDC 24 materials, including 12 selected
OTHER_FILES.EPNDL 26 materials

OTHER_FILES.JENDL 18 materials, including 10 selected
OTHER_FILES.KAERI 143 materials, including 124 selected
OTHER_FILES.LANL 12 materials, including 9 selected

1. BOFOD, Obninsk
e Number of materials: 27+36-+9

— 27 materials: ?Be, 2Na, °2Cr, ®Mn, "¥Ni, "ty 92:94,96,98,100)\[5
182,184,186 ¢ 20912: 232 233,234,235,236,23877 237N 239,241
W, natpl, 209Bj 2827} U, 27Np, 29241py,

241,243 A 11y

— 36 materials: 509254C, 545658 g 56,58,60,6264N 88Gy 90,91,92,94.967.
92,94,96,98,100 114,116,117,118,119,120,122,124 120,122,124,126,128,130
Mo, Sn, Te
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— 9 materials: 232Th, 233,234,235,236, 23817 238,239,241,

Energy: Up to 20 MeV

Data types: (v,n) and partly (v, f) for 27 materials; (v, abs) for 36 materials;

all for 9 materials
Methodology: Model calculations and experimental data

Available from TAEA: Part of files (Compare with a more recent list given
Sec. 5.3.1)

2. CNDC, Beijing

Number of materials: 24
9Be, 2TAL S0525354(y 63,650y, BL565T58F, 5Ly 90919294967,

180,182,183,184,186 7 20935
Energy: Up to 30 MeV
Data types: All

Methodology: Model calculations adn experimental data

Available from TAEA: All files

3. EPNDL, Moscow

Number of materials: 26

2 6,71T: 9 nat nat,16 20,22 nat 28Q; nat 52 54,56
H, *'Li, “Be, "*C, O, Ne, " Al, °Si, " Ca, *<Cr, Fe,
naty58y60Ni’ 63’65011, na,tZI.7 141 PI‘, nath7 nat,235,236U

Energy: Giant dipole resonance range, up to 20-30 MeV

Data types: MObt‘ly (Waabs)v part‘ly (77 77/), (77p)7 (77 2”) and (’77 np)
Methodology: Method of reduction of experimental data

Available from TAEA: All files

4. JENDL, Tokai

Number of materials: 50

2,120, 1N, 160), 23Ng, 202526\ [g | natA] 28:2930Gj 40481, 4648 Sy 52(y
55Mn, 7456 e, 59(Clo, 58:60.61,6264N; 63.65Cy, 647y 907, 93N, 92949698100\ [0,
137, 160, 181, 182,184,186y 197 Ay 206,207,208p}, 20915 235,238(]

Energy: Up to 140 MeV
Data types: All

Methodology: Model calculations and experimental data
Available from TAEA: Part of files

5. KAERI, Taejon

Number of materials: 143
For the list see Sec. 5.3.5.

Energy: Up to 140 MeV
Data types: All

Methodology: Model calculations and experimental data

in
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o Available from TAEA: All files
6. LANL, Los Alamos

e Number of materials: 12

1201 16() 2T 7] 28Gj 40(1y 56 631y, 181 Ty, 206,207,208 p}, 184y
Energy: Up to 150 MeV
Data types: All

Methodology: Model calculations and experimental data
Available from TAEA: All files

6.3 ENDF-6 Format

The ENDF-6 format [96] developed by the US Cross-Section Evaluation Working Group
(CSEWG), is the internationally recognized standard format to store evaluated nuclear
reaction data for applications. The format itself is complicated and allows various solu-
tions as to how to store specific data. Therefore, the adopted solution for photonuclear
data, as described below, was accepted after a thorough discussion involving experts on
nuclear data processing codes.

The ENDF-6 format uses a hierarchical organization of information. The most impor-
tant terms and notations are explained in Table 6.3, in particular the material MAT, the
file MF and section MT.

The format adopted to represent the photonuclear data is summarized in Table 6.4.
It should be noted that majority of evaluations selected for the IAEA Photonuclear Data
Library actually makes use of MT=5, where one puts all data of interest for transport
(energy-angle distributions of emitted particles), as well as production cross-sections of
radioactive nuclei, into inclusive reaction channels.
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Table 6.3: BASIC TERMS AND NOTATIONS OF THE ENDF-6 FORMAT

Term Notation Explanation
Material MAT Reaction target, each material (isotope or composition of isotopes) is designed
unique identification number
File MF Subdivision of material (MAT). Each file contains data for certain classes
of information:
MF =1 General information
MF =3 Reaction cross-sections
MF = 4 Angular distributions for emitted particles
MF =5 Energy distributions for emitted particles
MF = 6 Energy-angle distributions for emitted particles
Section MT Subdivision of file (MF). Each section describes particular reaction type:
MT =3 Total absorption or total reaction cross-section
MT =4 Production of one neutron
MT =5 Sum of all reactions not given explicitly in another MT number,
excluding photofission(MT3=MT5+MT18). MT5 can be used
to represent inclusive emission spectra, e.g. (n,xn), using MF3
(file3) for reaction cross-section and MF6 (file6) for yields and
energy-angle distributions
MT = 16 Production of two neutrons
MT = 18 Fission
MF = 50 Production of neutron leaving residual nucleus in its ground
state
MT = 51 Production of neutron leaving residual nucleus in the 1-st excited
state
MT =103 Production of a proton
MT =104 Production of a deuteron
MT =105 Production of a triton
MT =106 Production of a 3-He
MT =107 Production of an alpha particle
MT =600 Production of proton leaving residual nucleus in its ground state
MT =601 Production of proton leaving residual nucleus in the 1-st excited
state
MT =650 Production of deuteron leaving residual nucleus in the ground
state
MT =700 Production of triton leaving residual nucleus in the ground state
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Table 6.4: ADOPTED ENDF-6 FORMAT FOR PHOTONUCLEAR DATA

MF MT Explanation
1 451  Descriptive information and dictionary
1 452  Total number of neutrons per photofission
1 455 Number of delayed neutrons per photofission
1 456  Number of prompt neutrons per photofission
1 458 Energy released per photofission
3 1 Total photoabsorption cross-section
3 4 Total (g,1n) cross-section
3 5 Photoabsorption cross-section from which production c.s. for particles and isotopes
are determined using yields in MF6-MT5
3 16 Total (7y,2n) cross-section
3 18 Total (’7, f) cross-section
103  Total (’y,p) cross-section
3 107  Total (’)/, a) cross-section
4 18 Photofission
5 18 Prompt photoneutrons
5 455  Delayed photoneutrons
6 5 Yields (also known as branching ratios or multiplicities) and possibly also double-
differential cross-sections for light particles (n, p,d, ..., ’y) and residual isotopes
6 16 DDX for (7, 2n)
6 18  DDX for (7, f)
6 103  Discrete and continuum levels
6 107 Discrete and continuum levels
6 600 Discrete and continuum levels
6 850 Discrete and continuum levels

6.4 Access to the Library

All nuclear data libraries stored at the TAEA Nuclear Data Section, including the TAEA

Photonuclear Data Library, are available cost-free to users from all Member States of the

International Atomic Energy Agency.

The IAEA Photonuclear Data Library, physically located at the DEC Alpha server

operated by the IAEA Nuclear Data Section, can be conveniently accessed using the Web
interface or by FTP. The address of the Web site reads
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While for FTP (read-only) one should use

ftp iaeand.iaea.or.at
username: photonuclear

with no password required. The Library, along with the present Handbook, is also avail-
able on a CD-ROM, cost-free upon request by e-mail to

services@iaeand.iaea.or.at.

The Handbook is furthermore available as a hardcopy, cost-free, upon request from the
TAEA Nuclear Data Section (see address on the back of the cover page of the present
document).
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Chapter 7

Recommendations to Users and Evaluators

The participants of the present project have the following recommendations to users of
the TAEA Photonuclear Data Library and to evaluators of photonuclear data:

60

. The TAEA Photonuclear Data Library is recommended for use in applications involv-

ing simulations of neutron production, and other photon-induced nuclear reactions.
In cases where more than one evaluation exists for a given material, we recommend
that users also study the sensitivity of their results to the use of other evaluations,
contained in the individual laboratory photonuclear libraries.

. The TAEA Photonuclear Data Library described in this TECDOC allows researchers

to assess the importance of photonuclear reactions in a variety of applications, in-
cluding medical accelerators, shielding needs, accelerator-driven systems, safeguards
inspection technologies, etc.

. The evaluated photonuclear libraries described in this TECDOC have been pro-

duced through extensive recent research activi