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FOREWORD

The use of radioisotopes in medicine is witnessing steady growth in all parts of the world. Among
the radioisotopes used in medicine, technetium-99m (***Tc) is currently the most widely applied
in clinics. The supply of molybdenum-99 (*?’Mo) for *?Mo/*™Tc generators is hence vital for the
functioning of nuclear medicine departments. Since the worldwide supply crisis of Mo in
2007-2009, many countries have begun investigating alternative routes for the production of Mo
and *™Tc. These efforts have proved useful, opening up new production avenues. In 2017 the IAEA
initiated a coordinated research project entitled New Ways of Producing Technetium-99m (Tc-99m)
and Tc-99m Generators to identify technical aspects, in particular the use of a high power electron
linear accelerator for the production of “Mo.

The use of dedicated accelerators capable of producing photons with sufficient energy and flux for
radionuclide production is attractive for multiple reasons. This route eliminates the use of uranium
and the handling of the associated nuclear waste, and the facilities used can be modular with the
feasibility of independent operation of each module. As the list of radionuclides with potential
diagnostic and/or therapeutic applications continues to grow, the interest in exploring alternative
ways to produce radioisotopes is also increasing. This includes the photonuclear route for routine
production of radioisotopes.

This publication is the outcome of a meeting of an international team of experts that discussed
various technical and scientific details applicable to the production of important radionuclides such
as Mo, copper-67 (°’Cu), scandium-47 (*’Sc) and actinium-225 (***Ac) using the photonuclear route.
It compiles the available information and recent developments in using electron accelerators for
the production of medical radioisotopes and is expected to be of interest to scientists and technical
professionals in the fields of electron accelerators and radioisotope production.

The IAEA thanks the experts who contributed to this publication, in particular W. Diamond (Canada).
The IAEA officer responsible for this publication was A. Korde of the Division of Physical and
Chemical Sciences.
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1. INTRODUCTION
1.1. BACKGROUND

Radioisotopes are used in nuclear medicine to provide information about the functionality of
specific organs or to diagnose and treat diseases. The thyroid, bones, heart, liver, and many
other organs can be easily imaged, and disorders in their function can be revealed aiding the
diagnosis of a patient's illness. In some cases, radioisotopes can also be used to treat tumours.

Radiopharmaceuticals are broadly categorized into two segments: diagnostic and therapeutic.
Diagnostic methods include Single Photon Emitting Tomography (SPECT) and Positron
Emission Tomography (PET). Particulate emitters such as alpha, beta, or Auger electron
emitting radioisotopes are used for therapeutic applications. Suitable organic carrier molecules
are labelled with the radionuclides of choice for designing target specific radiopharmaceuticals
which are useful for molecular imaging and radionuclide therapy. Brachytherapy is another
modality that uses radioactivity for therapy, where radioisotopes are implanted as a sealed
source directly near or in the affected organ.

Over 10 000 hospitals worldwide use medical radioisotopes, and about 90% of the procedures
are performed for diagnosis in cardiology, oncology and neurology. The most common
radioisotope used in diagnosis is *™Tc, with some 40 million procedures per year, accounting
for over 80% of all nuclear medicine procedures worldwide [2]. Although radionuclide therapy
is less common than diagnostic uses of radioisotopes in medicine, it is nevertheless widespread,
important, and growing. Several isotopes are already in use, such as *°Y, 1*'I, 1"7Lu, and **Ra.
There remains much interest in other isotopes such as *’Sc, ’Cu, and **>Ac and interest would
increase if they were to become readily available.

Most radioisotopes used in nuclear medicine are currently produced with either research
reactors or cyclotrons, depending upon the desired isotope. Several of the most commonly used
isotopes (*?Mo/*™Tc, *!1, °°Y and others) are derived from the fission of uranium in reactors,
although some of these isotopes can also be formed by neutron irradiation of stable nuclei in a
reactor.

In recent years, the supply of reactor based isotopes has been threatened globally because of
reliability problems caused by the age of research reactors and processing facilities. For
example, nearly all the world’s supply of ®Mo is met by six nuclear research reactors, all but
one being over 45 years old. Many of these have suffered reliability problems, presenting a
continuing threat to the security of supply. Thus, the global supply of radioisotopes, in particular
%Mo, has not been steady over the last ten years due to reactor shutdowns, both scheduled and
unscheduled, and failures in supply chains and logistics. Furthermore, the reactors are coming
under increasing pressure to switch from Highly Enriched Uranium (HEU) to Low Enriched
Uranium (LEU) fuel, which is not compatible with established processes for radioisotope
extraction. This requires the development of alternative processes to assure a similarly reliable
supply of ®Mo after switching to LEU. Australia’s OPAL reactor, South Africa’s SAFARI
reactor and the MARIA research reactor in Poland have already converted to LEU targets. The
Mo supply problem threatens nuclear medicine globally and is the subject of an intense
industry wide effort to find technically feasible long term solutions.

New radiopharmaceutical development (academic and commercial) depends directly on isotope
availability. In the early stages of development, an isotope can be supplied intermittently.
However, for clinical trials or commercial use, the isotope supply needs to be reliable and of
high pharmaceutical quality grade (i.e., compliant with Good Manufacturing Practice GMP).



Some medical isotopes cannot be produced in sufficient radiochemical or radionuclidic purity
via cyclotron or reactor irradiation. Thus, despite their highly desirable characteristics for
medical applications, their availability in limited purity dictates the usage in pre-clinical
research. For example, ®’Cu is an isotope that researchers have identified as having suitable
characteristics for cancer therapy and for diagnostic applications in combination with ®*Cu.
However, attempts to produce it with reactors or high energy proton accelerators (proton linacs
or cyclotrons) have resulted in a product that has low specific activity and radionuclidic purity.
This hinders careful evaluations of the efficacy of ’Cu labelled radiopharmaceuticals due to
necessary interference correction in dose estimations arising from isotope mixtures.

Photonuclear reactions have been studied from the beginning of nuclear physics. Several
facilities were constructed to investigate the fundamental aspects of the interaction of photons
with matter. However, as research interests have evolved, many of these facilities have been
shut down or been redirected to other research activities. The severe shortage of *’Mo for
medical applications from 2007-2009 stimulated renewed interest in photonuclear reactions
with the practical goal of finding an alternative production method for useful quantities of *Mo.
Photonuclear production of *Mo via the ““Mo(y, n) reaction for medical use was initially
described in a patent [3] and later explored in more detail in a series of electron linac based
experiments at Idaho National Laboratory [4]. An economic analysis based on these results
indicated that the cost of delivering a dose of **™Tc for clinical diagnosis of a patient via this
photonuclear route could be competitive with *™Tc derived from fission generators.

In response to the *’Mo shortage, major initiatives to explore commercial photonuclear medical
isotope production began in both Canada and the USA. Since 2008, technical developments
have demonstrated successful pilot production facilities capable of producing TBq *’Mo
quantities. Over the course of these developments, opportunities for producing medically
significant quantities of other isotopes have also evolved. In addition, the advantages and
challenges associated with photonuclear radioisotope production have been understood in more
detail.

1.2. OBJECTIVE

The objective of this publication is to provide an overview of the current state of methods for
the photonuclear production of isotopes with a particular focus on those medical radioisotopes
that could be produced in sufficient quantities for clinical use in nuclear medicine.

1.3. SCOPE

This publication is intended to serve as a guide describing the photonuclear production of
medical isotopes. The publication includes the basic principles of photonuclear reactions. The
equipment and methods discussed herein should provide reference to the state of the art
facilities, in using electron accelerators for the production of radioisotopes via the photonuclear
route. This information is targeted to scientists and technologists engaged in the production of
radioisotopes and electron accelerator applications.

1.4. STRUCTURE

The publication gives a stepwise overview of the topics related to the production of
radioisotopes using electron accelerators. Section 2 covers principles applicable to photonuclear
reactions, details on reaction models and suitable tools to perform nuclear transport
calculations. The photonuclear reactions used for production of medically relevant
radioisotopes and cross-section measurements are also given in detail in this section. The



technical details and methods applicable for producing intense multi-MeV photon beams,
including different types of electron accelerators, the design of targets, converters and cooling
techniques are discussed in Section 3. This section also provides production details of specific
radioisotopes (*’Mo, ¢’Cu, ¥’Sc, ?>*Ac) that are under active development for the production of
clinically relevant quantities. The associated radiochemistry aspects related to the separation
and purification of the desired radioisotopes are covered in Section 4. The conclusion section
highlights the current applications of electron accelerators for medical radioisotope productions
and challenges for widespread use of this route for routine production of medical radioisotopes.



2. PRINCIPLES OF PHOTONUCLEAR REACTIONS

A photonuclear reaction is a nuclear reaction induced by photon. Photonuclear reactions occur
when atomic nuclei are excited via the capture of incident photons and relax by emitting one or
several elementary particles or nuclei fragments. The process of photon capture is called photo
absorption. De-excitation occurs through emission of one or several nucleons or through
fission. The latter is called photofission and usually occurs for elements with fissile isotopes,
such as uranium or plutonium.

2.1. COMMON FEATURES OF PHOTONUCLEAR REACTIONS

Photo-absorption is a purely electromagnetic process and generally has a considerably lower
cross-section compared to hadronic processes involving neutrons and protons. For photon
energies below approximately 30 MeV, that are generally used for photonuclear production of
radioisotopes, photo-absorption induces the excitation of nucleons resulting in a collective
oscillation, where the neutron subsystem oscillates against the proton subsystem. The energy
of the maximum excitation of this type is called the Giant Dipole Resonance (GDR). As an
example, Fig. 1 shows the photo-absorption cross-section of the °Mo isotope as function of
photon energy. The GDR is seen as the broad maximum of the photonuclear reaction cross-
section for the photon energies around 15-18 MeV.
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FIG. 1. Photo-absorption cross-section for Mo (reproduced from Ref. [8]).

The GDR is of crucial importance for the photonuclear production of radioisotopes because this
resonance region is used in almost all applications involving photonuclear reactions.

For medium and heavy nuclei (mass number A > 40), photo absorption cross-sections in the
GDR region can be approximated by a Lorentzian resonance curve in Eq. (1):

_ (ER)?
ogpr(E) = Z(Ti (E% — Eiz)z + (ET))? (D

1




where o; is the cross-section at GDR peak, E the energy of the GDR peak and I; the peak width.
For the incident photon energies above 40 MeV, another photo-absorption mechanism, the
quasi-deuteron regime, becomes important and an additional term is added to account for this
effect [5]. For spherically symmetric nuclei below the quasi-deuteron regime, there is a single
GDR peak as in Fig. 1, and the sum in equation (1) contains only one term (i = 1). For
asymmetric nuclei, Eq. (1) contains two terms, describing two resonance peaks (i = 2). An
example of such a case is the photo absorption cross-section of '¥!Ta as a function of photon
energy shown in Fig. 2. Equation (1) is often used in cross-section evaluation procedures, where
the parameters g;, E; and I'; are determined to fit available experimental data (see Section 2.3).
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FIG. 2. Photo absorption cross-section for ' Ta (reproduced from Ref. [8]).

The photon interaction with light nuclei (A <40) is more complex than for medium and heavy
nuclei. In this case, photon interaction with individual nucleons is much more significant and
Eq. (1), which describes collective excitation modes, is generally inapplicable. The energy
dependence of the photo absorption cross-section for light nuclei becomes more complex, as
shown in FIG. 3.

0.02 | | T r
0.018 - gt s
0.016 + .
0.014 - _ .
0.012 + .
0.01 - i Ty i .
0.008 | 4t bbb
0.006 ~ —
0.004 —
0.002

0 L L L L L
10 15 20 25 30 35 40

Cross section (b)

Incident photon energy (MeV)

FIG. 3. Photo absorption cross-section for '°F (reproduced from Ref. [8]).



Photonuclear production of medical radioisotopes (RI) generally uses bremsstrahlung photons
from a metal converter, typically tungsten or tantalum, irradiated by an electron beam from an
electron accelerator. The bremsstrahlung photon spectrum contains a continuum of photons
with energies from near zero up to the incident beam energy which is typically 35-40 MeV.
While the primary RI production usually takes place for photon energies within the GDR
resonance area, photons with energy higher than the separation energy of two nucleons
(typically above 16 MeV) can initiate (y, 2n), (y, pn) or (y, 2p) reactions. For incident photon
energy above 24 MeV, photonuclear reaction channels with three output particles open up: (y,
3n), (y, 2np), etc. Such reactions might also be used for RI production, the "°Ge (y,2n)**Ge
reaction can serve as example. However, photonuclear reactions above these thresholds result
in the production of isotopes that are not desirable, impacting the radioisotopic purity of the
desired product and inducing more pronounced activation. Figure 4 shows experimental cross-
sections of (y, n), (v, 2n), (y, 3n) reactions for '®’Mo. It can be seen that for incident photon
energies above 16 MeV the (y, 2n) reaction will dominate over the (y, n) reaction.
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FIG. 4. Experimentally determined cross-sections of (y, n), (v, 2n) and (y, 3n) reactions for '"’Mo (reproduced
Jrom Ref. [8]).

2.2.  PHOTONEUTRON AND PHOTOPROTON REACTIONS

The type of particle emitted from the excited nucleus after photo absorption greatly depends on
the mass number. As discussed above, for A <40 direct photon nucleon interactions can also
contribute to photonuclear reactions [6]. This interaction results in relatively high energies and
angular anisotropy of the emitted particles when compared to heavier nuclei. There is a general
trend for many light nuclei that proton binding energies are lower than those for neutrons and
hence proton emission dominates.

For the medium to heavy nuclei, the situation changes drastically. For such nuclei, proton
emission is suppressed by a Coulomb barrier and de-excitation occurs through the emission of
neutrons. The emitted neutrons have an isotropic angular distribution and an evaporation energy
spectrum with an emission probability proportional to E,exp(—E,/T), where E, is neutron
energy and 7' is nuclear temperature. Protons are primarily emitted as a result of direct nuclear
reactions and have a higher energy and anisotropic angular distribution.



For medium nuclei, a gradual dominance transition from the (y, p) reaction channel towards the
(v, n) channel is observed. The ratio of the integral cross-sections for both reactions, shown in
FIG. 5, illustrates the overall tendency. However, for medium weight nuclei the relative
magnitude of (v, n) and (y, p) processes is rather sensitive to the details of nuclear structure. For
example, for >*Mg the ratio of the integral cross-sections is an order of magnitude larger than
that for Mg as shown in Fig. 6. The physical reason for this phenomenon is the alpha cluster
structure of >*Mg nuclei (expected in 4n nuclei) suppressing neutron emission [7].
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FIG. 5. Ratio of the integral cross-sections of (y, p) and (y, n) reactions for 10 < A < 100 (reproduced from Ref.
[8)).
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2.3. MODELS OF PHOTONUCLEAR REACTIONS AND REACTION CODES

According to modern theoretical approaches, for an incident photon energy below 30 MeV,
almost all photonuclear reactions pass through the following stages:

— Photo-absorption;
— Pre-equilibrium stage;
— Compound nucleus stage.

There is also some contribution from direct photonuclear reactions that do not pass through the
compound nucleus stage, but such reactions are rather seldom for this photon energy range.

In most cases the incident photon causes collective excitation of the nuclei where neutrons are
shifted against photons. Following Chadwick et al. [5], the photo absorption cross-section is
written in the following form Eq. (2):

0(E) = ogpr(E) + 0ogp (E) (2)

where o;pg is GDR photo-absorption cross-section given by equation (1) and oqp describes
the contribution from the quasi-deuteron excitation. Parameters of the GDR cross-sections are
obtained by fits of experimental data to equation 1 and some model parameterization is used
for the quasi-deuteron component. The most common approach uses a model representation for
oop from Eq. (3) [8]:

0o (E) = L= 04(E)f (E) 3)

where L=6.5 is the Levinger parameter, o4 (E) is the deuteron disintegration cross-section and
f(E) is the Pauli-blocking function. For 6,;(E) and f(E) the following parametrizations are
suggested in Eq. (4-5) [9]:

3
(E—Z.Z 24)5
E3

o4(E) = 61.2 4)
f(E) =8.3714-10% — 9.8343 - 1073F + 4.1222 - 107*E? — 3.4762 - 107°E3 + 9.3537 -
10~°E* (5)

This model for calculating photo absorption cross-section is implemented in a number of
reaction and transport codes such as EMPIRE [10], TALYS [11], FLUKA [12].

The pre-equilibrium state immediately follows photo-absorption and corresponds to the
transition from an excited state to the compound nucleus state. The common approach adopted
by most of the reaction codes for photonuclear reactions uses a particle hole representation of
the excitations from the incident photons. Such calculations are often performed in the
frameworks of the exciton and hybrid semi-classical models [5].

The exciton model implies solving the corresponding balance equations for the nuclear system
evolution and the calculation of particle emission probabilities [13]. Hybrid models use Monte
Carlo methods for simulation of the nuclear system evolution [14]. EMPIRE and GNASH [15]
reaction codes implement both models, while TALYS implements only the exciton model.

After the pre-equilibrium state, the nucleus enters the compound nucleus state. The compound
nucleus decays to the ground state through particle or photon emission, or fission. This process



1s commonly described using statistical models based on the Hauser-Feshbach theory [16].
Within this approach, the cross-section of a nuclear reaction with initial state i and final state |
is expressed as in Eq. (6)

0;;(E) = Yin0f (E,1,m)P,(E, 1, 7) (6)

where of (E, I, m) is cross-section of compound nucleus formation with spin  and parity 7 and
P;(E,1,m) is the probability of the compound nucleus decay to the j channel. This probability
is expressed through the transmission coefficients T;(E, /, ) as in Eq. (7)

_ Ti(EL)
BE L) = o Eim M
Transmission coefficients 7; can be calculated using data on nuclear level densities, gamma-ray
strength functions, etc. Such calculations are usually implemented by the reaction codes, but
the necessary parameters are also stored in IAEA RIPL [17].

24. PHOTOFISSION

Photo fission reactions at incident photon energy below 30 MeV share the initial photo
absorption stage with ordinary photonuclear reactions, but the final fission process is much
more complex. The similarity to photo absorption processes leads to similar energy dependence
of the photon fission cross-sections. Namely, the GDR effect causes the photo absorption cross-
section of the photofission reaction to have a broad peak ranging from 10 to 20 MeV. An
example of such a dependency for **U photofission is shown in FIG. 7.
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FIG. 7. Cross-section of **U photofission reaction (reproduced from Ref. [8]).

The energy of the absorbed photon excites collective vibration modes. As a result, the nucleus
experiences considerable deformation that eventually results in breakup into two or more
fragments. The emerging fragments are usually in highly excited states and emit photons and
neutrons during the subsequent de-excitation process. Such emission processes are called



‘prompt’, while the radiation from the decay of the fission products is called ‘delayed’. For the
photon energy between 10 and 100 MeV, the distribution of fission product masses has two
pronounced maxima. This is quite different from neutron or proton induced fission, where for
high excitation energies the distribution exhibits one single maximum.

The modern theoretical description of the photofission process implies that fission goes through
a set of definite transition states characterized by quantum numbers / (spin), 7 (parity), and K
(projection of spin / on the nucleus symmetry axis). As a result of photon absorption, a
compound nucleus is formed that decays by fission, neutron, or photon emission. The
corresponding cross-section is given by the expression, in Eq. 8, similar to Eq. (5):

O-f(E) :ZanO_abs,y(E'IrT[)Pf(E'I'T[JK) )

where g, is photoabsorption cross-section and Py is fission probability of the transition state
defined by /, 7, and K quantum numbers. The fission probability, Pf, can be calculated using
statistical models.

2.5. NUCLEAR REACTION CODES

Nuclear data for photonuclear reactions obtained from experimental measurements is generally
incomplete or non-existent. Not only is there insufficient cross-section data, but also the energy
and angular distributions of the reaction products are very rarely measured in the experiments.
Consequently, nuclear reaction codes are used to obtain comprehensive information on
photonuclear reactions. These codes implement theoretical models to calculate all three stages
of the photonuclear reaction: photo-absorption, pre-equilibrium stage, and decay of the
compound nuclei. These nuclear reaction codes are commonly used for the evaluation of
nuclear data and production of nuclear data libraries.

The modern reaction codes used for the calculation of photonuclear reactions include EMPIRE
[10], TALYS [11], CCONE [18], and MEND-G [19]. These codes were used for the production
of the recent IAEA Photonuclear Data Library 2019 [20]. All these codes implement a similar
set of modern theoretical models, but the details of the implementation are quite different. As a
result, there is often ambiguity in the computed values [20]. In some cases, the peculiarities of
the implemented models can produce results that deviate considerably. An example is the
discrepancy in the cross-section magnitude predicted by TALYS for titanium and copper
isotopes [21, 22].

2.6.  TRANSPORT CODES

Practical implementation of photonuclear isotope production often requires calculation of the
isotope yields in the production target, photon fluxes, and energy depositions for the design of
components in the isotope production facility. Transport codes are used for this analysis.

Transport codes simulate the transport of elementary particles and ions through matter.
Generally, there are two types of transport codes: deterministic and Monte Carlo. Deterministic
codes solve the integro-differential transport equation to calculate characteristics of the particle
transport, while Monte Carlo methods simulate the process of particle interaction with matter
using statistical sampling. Deterministic codes are primarily used in nuclear reactor physics.
Simulations of photonuclear isotope production use Monte Carlo transport codes almost
exclusively.
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A Monte Carlo simulation is a kind of computer experiment. During simulation, a particle
trajectory is sampled at repeated time intervals using the probability distributions of the relevant
physical processes: scattering, absorption, emission, etc. To obtain consistent results a large
number of statistical trials are necessary. In general, an estimation of the relative error of a

Monte Carlo simulation is approximately 1/ V' N, where N is a number of trials.

Simulation of actual isotope production facilities usually requires significant computer
resources. Photonuclear isotope production is especially demanding because the typical cross-
sections of photonuclear reactions are low compared to the cross-sections of electromagnetic
processes for photons (Compton scattering and pair production). For example, Mo cross-
sections for Compton scattering, pair production, and photo absorption at 15 MeV are 1.59,
4.59 and 0.197 barns, respectively, while the peak cross-section for the (y, n) reaction is 0.16
barns. Consequently, the sampling ratio for photonuclear interactions is low and, to ensure
statistical validity of the calculated results, a large number of trials is necessary.

Simulation of the particle interactions during transport requires comprehensive information
about the corresponding physical processes: cross-sections, angular distributions, emission
spectra, etc. Depending upon the implementation, the corresponding nuclear data is either
stored in a database supplied with the code system or obtained from analytical models during
calculations. Most modern Monte Carlo codes use a combined approach: some data,
particularly cross-sections, are stored in databases, and some is calculated using approaches
similar to those used by nuclear reaction codes. However, not all codes implement models for
photonuclear reactions and the available models are often inaccurate. The essential
discrepancies of calculations using built-in models with experimental data for the GDR energies
were reported for GEANT4 [23, 24] and PHITS [25]. Generally, Monte Carlo codes that use
evaluated nuclear data libraries such as MCNP [26] provide more accurate results, but this also
depends on the quality of the nuclear data. It should be noted that available photonuclear data
is often incomplete, and usage of analytical models is unavoidable.

Universal Monte Carlo transport codes, such as MCNP [26], FLUKA [12], GEANT4 [27],
PHITS [28], PENELOPE [29] and EGS-nrc [30] are the most frequently used codes for
simulation of isotope production. The first four are capable of simulating photonuclear reactions
(in the case of MCNP the photonuclear data libraries are necessary), and the last two support
simulations of electromagnetic processes only.

The MCNP transport code has been developed and maintained by Los Alamos National
laboratory since 1957. It is considered as one of the most stable and verified codes for Monte
Carlo simulations. Using nuclear data libraries in the ENDF format, MCNP is highly
configurable for simulation of various physical processes including photonuclear. The
drawbacks of the MCNP code system includes the complicated syntax of the input file and poor
geometry visualization support. Also, there is no built-in capability to calculate isotope yield
from the nuclear reactions.

The Monte Carlo transport code FLUKA is maintained by the INFN-CERN Collaboration. The
modern versions of this code implement an advanced model of the photonuclear interactions
using the FLUKA Giant Resonance total cross-section database that contains evaluations for
190 nuclides. There is also an option to calculate the production of residual nuclei from the
nuclear reactions in certain regions of the model geometry.

The PHITS (Particle and Heavy lon Transport code System) code base has been developed and
maintained by the collaboration between JAEA, RIST, KEK, JAXA, Kyushu University, TU
Vienna (Austria) and CEA (France). The physical models implemented in the code system
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include support for calculations of photonuclear reactions. One can obtain distribution of the
residual nuclei per selected model regions or spatial distribution over the rectangular or
cylindrical mesh. PHITS uses an input file syntax similar to that of MCNP, simplifying the
usage of already developed models in PHITS simulations.

The GEANT4 simulation toolkit has been developed and maintained by CERN. GEANT4 is
actually a collection of C++ classes intended for microscopic simulation of particle transport in
various media. Such an approach provides great flexibility in the selection of various physical
models at the cost of laborious C++ programming. While GEANT4 includes support for
simulation of photonuclear reactions, the models implemented are inaccurate for GDR energies.
At the same time, the open architecture of GEANT4 allows extending the set of physical models
using a more accurate approach [23].

2.7. DATABASES OF PHOTONUCLEAR REACTIONS

There are two main types of databases containing data on photonuclear reactions. The first type
are nuclear data libraries of experimental nuclear reaction data. The most reliable library of this
type is EXFOR [1], maintained by the Network of Nuclear Reaction Data Centers. EXFOR 1is
not a specialized library for photonuclear reactions; it contains data on nuclear reactions
induced by other elementary particles and light nuclei as well. References to the corresponding
bibliographic sources and additional information important for data analysis and interpretation
are also stored in the library, along with cross-section data.

The other main type of databases are evaluated nuclear data libraries containing specially
processed experimental data and results of evaluations using nuclear reaction codes. Usually,
the evaluation procedure includes analysis of the available experimental data for possible
discrepancies and inconsistencies. This analysis is complemented by calculations using nuclear
reaction codes. The parameters of reaction codes are adjusted to achieve the agreement with
available experimental data.

When there is no experimental data for the nuclide being considered, the results of the model
calculations are stored in the evaluated library. Sometimes the model parameters used during
calculations are extracted from the experimental data for the neighboring nuclides. In either
case, nuclear data obtained from pure model calculations can contain significant discrepancies
from true values and should be used with considerable caution.

Evaluated photonuclear data is stored in general purpose evaluated nuclear data libraries such
as ENDF/B-VIILO [31] or TENDL-2017 [32], and also in specialized photonuclear libraries
such as JENDL/PD-2016 [33] or the 1999 IAEA Photonuclear Data Library [8]:

— ENDEF/B-VIILO [31] was released by the Cross-Section Evaluation Working Group
(CSEWG) of Brookhaven National Laboratory National Nuclear Data Center in 2018.
It contains photonuclear data for 163 elements and isotopes;

— TENDL-2017 [32] contains reaction data evaluated using the TALYS reaction code
[11]. The evaluated library contains photonuclear data for 283 stable isotopes;

— JENDL/PD-2016 [33] was developed by Nuclear Data Center of Japan Atomic Energy
Agency. Two versions of the library are available: standard, containing photonuclear
data for 181 nuclides, and expanded, containing data for 2681 nuclides;

— The 1999 IAEA Photonuclear Data Library [8] contains evaluated data for 164 nuclides,
obtained after evaluation of nuclear data from six photonuclear data libraries. An
additional 37 nuclides were included in the recent 2019 IAEA Photonuclear Data
Library [34], among them 9 isotopes are considered relevant for medical applications.
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2.8. PRODUCTION OF MEDICAL RADIOISOTOPES

A wide range of radioisotopes for diagnostics and therapy can be produced via different
photonuclear reactions. The application area of the isotope depends on the type of emitted
particles: y emitters are used for SPECT, positron emitters are used for PET, and B~ and a
emitters are used for cancer therapy. Isotopes of the same element are used in pairs, where one
has therapeutic and another imaging capabilities. These matched pairs are referred to as
theranostics and examples of such pairs of radionuclides are **8Sc/*’Sc, **Cu/*’Cu, **Ga/*’Ga,
86Y/90Y.

An important characteristic in the production of medically relevant radioisotopes is the presence
of stable (or long lived) isotopes of the same element in the target. When no stable isotopes are
present, the produced radioisotope is called carrier free. In reality, it is almost impossible to
obtain radioisotopes with 100% isotopic abundance. In this case, the term no carrier added
(n.c.a.) is used to describe radioisotopes with minimal concentration of stable or long lived
isotopes. The opposite case is called carrier added (c.a.).

Concerning the photonuclear production route, radioisotopes obtained from (y, p) reactions are
usually no carrier added because a different chemical element is produced. Photo neutron
reactions always result in carrier added radioisotopes as the product is isotopic with the element
in the target.

Table 1 gives a non-exhaustive summary of medical radioisotopes that can be produced by
photonuclear reactions. The table contains references describing possible medical applications
of each radioisotope (column 7), as well as references dedicated to the production method, or
the cross-section measurements if the production has not been studied yet (column 4). The table
is sorted according to the periodic number of the radioisotope.

A recent review on the photonuclear production of radiometals for medical applications was
given by Kazakov et al. [35], focusing on experimental studies with Mo/*™Tc, *’Sc, ¢’Cu,
257¢, 7Ly, #Ti/*Sc, ''n, '%Rh, BGe/*Ga and '®*Re.

TABLE 1. EXAMPLES OF PHOTONUCLEAR REACTIONS FOR MEDICAL RADIOISOTOPE
PRODUCTION

Radio- Ty Production Reference Decay Possible Applications Reference
Nuclide Route Production Mode Application
s
150 122 s '%0(y,n)"*0O [36] ec Bt PET imaging neurology, [37, 38]

cardiology, oncology to
evaluate oxygen consumption,
lung and myocardial
perfusion, blood distribution

and flow
18F 110 "atNe(y,pn)'8F [39, 40] ec Bt PET imaging with '8F-FDG [44-46]
min 20Ne(y,2n)'*Ne  [41, 42] and other
_,I8F [43] radiopharmaceuticals for
19F (y.n) F oncology, visualization of
’ inflammations
ZNa(y,on)'8F
BK 222 *Ca(y,p)*K [47] B Myocardium imaging [48-50]
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TABLE 1. EXAMPLES OF PHOTONUCLEAR REACTIONS FOR MEDICAL RADIOISOTOPE PRODUCTION

Radio-
Nuclide

43K

47Sc

57C0

64Cu

67Cu

67Ga

B8Ge/
68Ga

7SSe

77Br

90Y

Mo/
99mTC

103Pd

IOSRh

IIIIn

14

Ty

22.2

3.35

271d

12.7

61.83

78.3

271d
/61.7
min

120d

57h

64 h

65.9
h/ 6

16.99

1.5d

2.8d

Production
Route

#Ca (y,p)*K

#Ca(y,n)¥Ca
47Ca(B-)47Sc
**Ti(y,p)*'Sc

*Ni (v,p)*Co

%6Zn(y,pn)**Cu
%Cu(y,n)*Cu

*Zn(y,p)"’Cu
"Zn(y,p)"’Cu

“Ga(y,2n)" Ga

Ge(y,2n)*%Ge
8Ge—%%Ga

76Se(y,n)"°Se

Br(y,2n)"’Br
781(‘((}',11)771(‘(
77Kr—>77Br

N1Zr(y,p)”°Y

109Mo(y,n)*’Mo

nat’104Pd(’Y,l’l)
103Pd

IOGPd(’Y,p)IOSRh

IIZSn(Y,p)l 1 IIn

Reference
Production

[47]

[51,52]
[53, 54]

[58-60]

[64]
[65-67]

[22, 51, 60,
72-74]

[77]

[81, 82]

(86, 87]

[64]
[90]

[92]

[59, 96-100]

[102, 103]

[102, 103]

[108-110]

Decay
Mode

€C

€C

ec/ec B*

€C

ec p*

B/IT

€C

€C

Possible Applications

Myocardium imaging

Palliative care of metastatic
bone pain, cancer
radioimmunotherapy, SPECT
theranostic application

Mossbauer spectroscopy for
microbiological and
biochemical applications.
hypothetic source for
brachytherapy, gamma-
chamber calibration

PET imaging and radiotherapy
cancer treatment, theranostic
application

Radiotherapy,
radioimmunotherapy,
theranostic application

SPECT imaging for
lymphoma, lung cancer,
melanoma and multiple
myeloma detection, potential
as therapeutic radionuclide

%8Ga generator, PET imaging,
diagnosis neuroendocrine
tumors, theranostic pair for
90Y or 177Lu

SPECT imaging,
Brachytherapy

PET imaging, labelling anti-
tumor monoclonal antibodies,
potential interest in internal
radiotherapy

Microspheres therapy,
Implants, radioembolization

9mT¢ generator, SPECT
imaging of brain, liver, lungs,
heart, etc.

Brachytherapy

Monoclonal antibodies and
peptides labelling, Palliative
care of metastatic bone pain

SPECT, Auger therapy
radiolabeling leukocytes,
peptides, antibodies, blood
scans

Reference
Application
s

[48-50]

[55-57]

[61-63]

[68-71]

[75, 76]

[78-80]

[83-85]

[93-95]

[101]

[104]

[105-107]

[111, 112]



TABLE 1. EXAMPLES OF PHOTONUCLEAR REACTIONS FOR MEDICAL RADIOISOTOPE PRODUCTION

Radio-
Nuclide

117msl,l

1251

131Bg/
131CS

149Pm

153Sm

155Dy/
155Tb

166H0

175Yb

177Lu

188Re

1861{e

195mPt

224Ra/
212Pb/
212Bi

Ty

14d
59.49

11.5
d/9.7
53.08
1.93

991/
5.32

26.8

4.2d

6.71

0.71

3.7d

4.01

3.7d/
10.64

/60.6

Production
Route

1 IRSn(,Y’n)l 17msn
126Xe (,Y’

1’1)125Xe—>1251

132Ba(y,n)131Ba
131Ba(8’ﬁ+)13lcs

ISONd(,Y,n)M‘)Nd
149Nd—>149Pm

154Sm(y,n)153Sm

1Dy ,
n)lSSDy—>155Tb

167Er(y,p)166H0

176Yb(y,n)175Yb

178Hf(y,p)”7Lu

1890S(’Y,p)188Re

157Re(y,n)'%Re

PPy, 7))
195mPt
226Ra(y,2n) 224Ra

Reference
Production

[110, 113,
114]

[121]

[124-126]

[128]

[131]

[134, 135]

[137, 138]

[34, 141]

[144, 145]

[102, 148]

[151-154]

[124, 154]

Decay
Mode

IT

€C

ec B*/ ec

ec B'/ec

B ,ec

IT

o/ B,
IT/a, B

Possible Applications

Bone pain palliation, Targeted
alpha therapy (TAT)

Brachytherapy, Auger therapy

Brachytherapy for treating
cancers in prostate, breast,
head and neck, lung, and
pancreas

Potential agent for
radiotherapy and theranostic
application

Bone pain palliation

SPECT imaging

SPECT, CT, MRI imaging
tumor treatment,
brachytherapy, labelled
nanoparticles therapy, bone
marrow ablation, cancer
radioimmunotherapy

Palliative care of metastatic
bone pain, potential
therapeutic application Auger
therapy

TAT, peptide receptor
radionuclide therapy, bone
pain palliation, theranostic
application, radio-
immunotherapy

Bone pain palliation,
therapeutic application

Bone pain palliation,
synovectomy, nanoparticles
labelling for brachytherapy,
Treatment of some forms of
brain tumors

SPECT imaging, tumor cell
uptake control during
chemotherapy, possible
therapeutic agent

Potential TAT agents

Reference
Application
s

[115-118]

[9, 120]

[122, 123]

[127]

[129, 130]

[132, 133]

[136]

[139, 140]

[142, 143]

[146, 147]

[149, 150]

[151-154]

[155, 156]
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TABLE 2. EXAMPLES OF PHOTONUCLEAR REACTIONS FOR MEDICAL RADIOISOTOPE PRODUCTION

Radio- Ty Production Reference Decay Possible Applications Reference
Nuclide Route Production = Mode Application
s
225Ra/ 15d/ ?*°Ra(y,n)**Ra  [154, 157- B/a TAT, metastatic cancer [158, 162,
25A¢/ 10d  25R,(825A¢ 161] treatment antibodies labelling, 163]
23B4 /43 generator of 2°Bi
min

2.8.1. Mo/”™Tc

With a half-life of Ti2 = 6 h, *™Tc is the primary radioisotope used for SPECT imaging,
typically obtained as the daughter of Mo having a half-life of 65.9 h. The photonuclear route
for Mo production proceeds via the °®Mo(y,n)*’Mo reaction having a maximum cross-section
of about 0.16 barns between 14-15 MeV. Figure 8 depicts cross-sections for (y, n), (y, 2n), (v,
3n) and (y, p) reactions for ®Mo that are recommended by the IAEA based on evaluations of
experimental data and theoretical calculations.

Recalling the discussion from Section 2.1, the photonuclear production route typically uses
bremsstrahlung photons with a maximum energy of 3540 MeV. Thus, the production of *’Mo
is accompanied by the generation of stable molybdenum isotopes **Mo, “’Mo, and B~ radioactive
9Nb, that decays to *’Mo with a half-life of 15 secs.

0.16 I 1 I I I I
W)=
Q.14 - (Y,2n) —
0.12 (Y,3n) _
i (Y-p)
= 01 _
g
§ 0.08 |- —
2 0.06 | !
o
0.04 - —
0.02 |- -
0 —
5 10 15 20 25 30 35 40

Incident photon energy (MeV)
FIG. 8. Recommended cross-sections for the photonuclear reactions on '’Mo (reproduced from Ref. [8]).
2.8.2. Copper-67
Copper-67 (T12= 61.83 h) is a B~ emitter with average electron energy of 141 keV. The 'Cu

nuclide also has y emissions at 91.3, 93.3 and 184.6 keV that can be used for SPECT imaging.
The emission probabilities for these y rays are 6.3%, 14.8% and 44.2%, respectively [164].
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Photonuclear production of *’Cu is based on the ®Zn(y, p)®’Cu reaction. Experimental data for
this reaction in the EXFOR library [1] contains only five points based on measurements from
1957 [165]. Cross-sections from evaluated nuclear data libraries TENDL-2017 [32] and
JENDL/PD-2016 [33] deviate significantly from the experimental data (FIG. 9). A recently
developed combined model of photonuclear reactions CMPR [22] provides better agreement in
energy but predicts higher values for the cross-section values at the GDR peak. Very recently,
new measurements on the cross-section of the ®Zn(y, p)®’Cu reaction have been reported with
largely deviating results [166]. It can be concluded that additional determinations of the
photonuclear cross section for this reaction are required in the future.

25 T T I
EXFOR +
JENDL/PD-2016 ——
TENDL-2017

20 CMPR
=
E 15| -
e
S
g +
8 10 -
O

TR
5[ = / e =
e :
0 — | 1 ! |
10 15 20 25 30 35 40

Incident photon energy (MeV)

FIG. 9. Measured and theoretical data for the cross-section of the ®Zn (y, p)¥’ Cu reaction (reproduced from Ref.

[8D).
2.8.3. Scandium-47

Scandium-47 (712 = 3.35 days) is a B~ emitter with an average electron energy of 162 keV and
v emission line at 159 keV (abundance 68.3%) [167]. The direct method for *’Sc production
uses the photo proton reaction “*Ti(y, p)*’Sc. The experimental cross-section for this reaction
has a GDR peak centred at 22.5 MeV with a maximum at 28.7 mbarn (see FIG. 10). At the same
time, evaluated cross-sections from TENDL-2017 [32] and JENDL/PD-2016 [33] libraries are
two times smaller than experimental data from the EXFOR database [168]. The CMPR model
provides significantly better agreement with experimental data.
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FIG. 10. Cross-section for **Ti(y,p)*Sc reaction (reproduced from Ref. [8]).

Another possible route for photonuclear *’Sc production is the “*Ca(y, n)*’Ca reaction, where
4TCa could be used as “’Sc generator [169]. The cross-section of this reaction extracted from
various nuclear data libraries is shown in FIG. 11 11. One can see that evaluated libraries
TENDL-2017 [32] and JENDL/PD-2016 [33] essentially underestimate the cross-section
magnitude compared to experimental EXFOR [1] data.

0.09 | | | | |
. L b EXFOR + |
JENDL/PD-2016 —

0.07 - ¥ & TENDL-2017

0.06 - #/\}\ -

0.05 - / )& -
/ \ +

0.04 - 4 ‘ -

0.03 - +/

0.02 - y + -

001/ .+ + -

0 | | I
10 15 20 25 30 35 40

Cross section (b)
+

Incident photon energy (MeV)

FIG. 11. Cross-section for the **Ca(y,n)*’Ca reaction (reproduced from Ref. [8]).

2.8.4. Actinium-225

18



Actinium-225 (712 = 10 days) is a nuclide for a therapy that has shown promising results in
cancer treatment. Being an o emitter (Eq = 5.8 MeV) with weak y emission (100 and 150 keV
with 1.7% and 0.6%, respectively), it is accompanied with a complex decay chain of short lived
o and B decaying isotopes, of which 2!*Bi is also considered for therapy purposes.

Production of carrier free *>Ac can be achieved via >’Ra/*?’Ac generators where >*Ra is
produced via the reaction 2*Ra(y, n)***Ra. Experimental data on the cross-section for this
reaction are unavailable, and evaluated nuclear data libraries TENDL-2017 [32] and
JENDL/PD-2016 [33] (FIG. 12) solely rely on theoretical calculations. Comparison of TENDL
predictions with available experimental data on integral **>Ra production yields [160, 170]
indicate that theoretical calculations might underestimate the true cross-section. Dedicated
experimental efforts to measure this quantity at various photon energies are urgently required
to enable reliable predictions on **Ra yields in future **Ac production facilities. It is
interesting to note that in contrary to the (y, n) reaction, cross section data for °Ra photofission
do exist [171, 172].
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FIG. 12. Cross-section for the *°Ra (y, n)**’Ra reaction (reproduced from Ref. [8]).
2.9.  EXPERIMENTAL MEASUREMENTS OF PHOTONUCLEAR REACTION DATA

It was noted in Section 2.5 that the nuclear data for photonuclear reactions obtained from
experimental measurements is generally incomplete or non-existent. There is insufficient cross-
section data, and the energy and angular distributions of the reaction products are rarely
measured in experiments. Most of the experimental photonuclear reaction data was obtained by
a few facilities during the 1960’s, 1970’s and into the 1980’s. Many of these facilities have
been closed for many years. There were significant challenges in obtaining precise
measurement data and several different techniques were developed to overcome various
obstacles.
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2.9.1. Bremsstrahlung method

The earliest method used can be described as the bremsstrahlung method. Electron
bremsstrahlung produces a continuous spectrum of photons with the upper energy limit at the
electron energy and the yield of photons increases as the energy decreases until, at low energies,
self-absorption in the target reduces the yield [173]. The bremsstrahlung spectrum is produced
as an electron beam strikes a high Z target, and the measurement involves recording a yield
curve while incrementally changing the incident electron energy in small increments and
subtracting the two results to obtain a differential curve. The data is deconvoluted to produce a
curve of the cross-section as a function of the incident photon energy. These measurements
required good stability and reproducibility of the accelerator parameters, good counting
statistics and knowledge of the bremsstrahlung flux and spectrum [174]. There may be
systematic differences in data measured at different facilities because of the challenges of the
measurement.

2.9.2. Positron annihilation in flight

There are several methods to produce beams of mono-energetic photons which can be used for
photonuclear cross-section determinations. Two of these methods are the annihilation in flight
of fast positrons considered in this section and tagged bremsstrahlung considered in the next.
Berman and Fultz described the technique in several publications [8, 175]. The method consists
of producing a beam of fast positrons of a defined energy Ee+and directing them to strike a thin,
low Z target to produce, in the forward direction, a mono-energetic beam of annihilation
photons having an energy Ey = E.+ + 0.76 MeV (the latter term being ¥ of the rest mass of the
annihilating pair) [175]. The photonuclear measurement determines the number of counts (Vi)
produced by the positron beam of energy E+o, N'(Es), and a second step of measuring the
number of counts from an electron beam of energy E.,, N'(E,). The process is repeated at the
next energy, E+1, etc. The photonuclear cross-section is given by the difference of the two
measurements N'(E,) - N(E,) divided by the number of photons that irradiated the target [8].
The measurement does not require deconvolution, as is needed by the bremsstrahlung method,
and is hence more accurate. It does have the challenge of significantly poorer statistics because
of the low intensity of the photon beam that depends on both the positron production and then
the conversion to photons; both processes have small cross-sections.

2.9.3. Bremsstrahlung tagging
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FIG. 13. lllustration of the bremsstrahlung tagging process (reproduced from Ref. [8]).

Photonuclear cross-section measurement is possible using ‘tagged photons’, i.e., photons with
defined energies and time arrivals. When a mono-energetic beam of electrons of energy E, hits
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a very thin radiator (typically a thin foil), it produces a continuous spectrum of bremsstrahlung.
Most of the electrons do not interact with the thin radiator and are directed to a beam dump to
stop them. The path of scattered electrons of residual energy E: is then bent in the spectrometer
magnet towards the focal plane of an appropriate spatially resolved electron detector (the tagger,
FIG. 13), which measures E; from the position and scattered electron flux (proportional to
number of photons). The difference between E, and E; is the energy of the radiated photon
(neglecting any nucleus recoil) in Eq. (9):

Ey=Eo— E; )

With tagged photons, it is possible to determine the correlation in time of the scattered electron
and the reaction product of the bremsstrahlung photon impinging on a target by coincidence
measurement. This provides one of the better measurements of photonuclear cross-section. The
major limitation is the maximum counting rate limited to about 10° events per second by the
coincidence counting requirements.

2.9.4. Laser Compton backscattering

Compton backscattering of laser light from relativistic electrons is a promising method of
producing useful yields of high energy monochromatic polarized photons. The head on collision
of relativistic electrons and laser photons creates a pencil like beam of y rays that depends on
the properties of the electron beam and the laser beam [176]. The energy of the produced y ray
depends on the backscattering angle (0) of the laser photon and is given by the well known
formula in Eq. (10) [176]:

E = Ep(1—cos6y)
Y " 1-Bcoso+EL(1-cos(8,-6))/Ee

(10)

where EL is the energy of the laser photon, E. is the electron beam energy, O is the incident
angle of the laser photon, and 3 = ve/c. For a head-on collision, 0. = =, 0 is much less than unity
and y = E</mc?, the gamma energy is given approximately by:

_ 4y%EL
Yy 1+(y8)2+4yEL /mc?

(11)

Production of high energy photons requires high energy electrons leading to the requirement of
storage rings of high luminosity. Aoki et al. [176] describes how these requirements lead to
brightness requirements of both the laser and electron sources and Li et al. describes some early
measurements using the technique [177]. Ejiri et al. reported on measurements of photonuclear
cross-sections of gold and molybdenum using photons produced by laser Compton
backscattering [178]. The photon intensity of around 108 to 10'2 per second was possible with
intense lasers and intense electron beams. In future, dedicated facilities should be capable of
producing high intensity photon sources with the intensity of the order of 10'* per second or
higher [178]. These should enable new measurements with better statistics than some of the
present measurements.
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3. PRODUCTION OF INTENSE MULTI-MEV PHOTON BEAMS

Particle accelerators produce and accelerate beams of charged particles, such as electrons,
protons, and ions. A source which produces charged particles and a device that provides energy
to the particle to speed them up by applying a static or oscillating electrical field are the two
main basic components of any accelerator. Particle accelerators vary in design and size. Photon
beams of varying energies find numerous applications, electron accelerators are hence the most
used types of particle accelerators.

3.1. ELECTRON ACCELERATORS

Electron accelerators are widely used for a great variety of applications that include medical
therapy, industrial irradiation processing, sterilization, etc., in addition to being parts of major
research facility infrastructure for synchrotron light sources, free electron lasers or fundamental
physics. These accelerators cover a very large range of beam energy from a few MeV to many
GeV, as well as large range of average beam power from 107 to 105 W. The IAEA database
[179] of industrial irradiation facilities and interactive map give an overview about the
distribution of linear accelerators all over the world. However, photo production of isotopes
typically requires a narrower range of beam energy, typically 25-50 MeV, and high average
power, typically 5 kW to more than 100 kW. There are several different electron accelerator
types that meet these requirements: room temperature electron linear accelerators, super
conducting linacs, microtrons, and the high energy rhodotron recently developed by the Belgian
company Industrial Beam Applications, S.A. (IBA).

3.1.1. Room temperature electron linac

The most widely used type of electron accelerators for energies greater than 10 MeV is the
room temperature Radiofrequency (RF) electron linac [180]. A typical linac consists of a high
voltage electron gun which injects a beam of electrons into a copper accelerator structure. High
power excites the structure to provide an axial accelerating gradient resulting in an energy gain
of around 7-10 MeV/m. The frequency of the RF is either around 1.3 GHz (L-Band) or 3 GHz
(S-Band) as those are the two main frequencies where high power klystron amplifiers are
readily available. Since the output power of a single klystron is often insufficient to power the
entire accelerator, the accelerating structure is separated into several sections, each powered by
a single klystron amplifier.

Since the power to achieve the designed accelerating gradient of several megawatts cannot be
supplied continuously, the klystrons are pulsed to provide short (4-20 us) pulses with
megawatts of peak power. This results in the acceleration of a short pulse of electrons to full
energy. The number of pulses per second then determines the average power of the linac.

Electrons are produced by an electron gun at the entrance and accelerated to a final energy that
is dependent on the beam power and design of the accelerator. Typically, a room temperature
RF electron linac will have a modest (few percent) energy spread in the electron beam and beam
losses near the end of the accelerator of one or two percent, producing a significant radiation
source during operation and potentially high residual radiation fields in the copper for a short
time after the accelerator is turned off. This type of accelerator can provide a cost effective
source in a new facility designed to produce high yields of isotopes. The same technology used
for this accelerator type has been applied in low energy (less than 10 MeV) industrial and
medical applications for many years and has proven to be very robust. The linacs used to
produce radioisotopes can generate up to 150 kW at 40 MeV and have the additional feature of
the ability to change electron beam energy on a pulse by pulse basis. This is achieved with solid
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state modulators and a smart control system that enables the production of several beams of
modest energy difference, separated by a single deflection magnet. This is a useful feature to
produce two different isotopes or two target areas for the same isotope at lower power and
phased to remove the isotopes at different times to meet a better schedule. The limitation for
the maximum beam power is due to commercial availability of suitable high power RF sources.

3.1.2. Superconducting electron linacs

In the past 35 years, designers of a growing number of accelerators have chosen
superconducting technology over normal conducting copper. The motivation for using
superconducting cavities for photonuclear isotope production is related to RF losses in the
cavities (RF to beam power conversion efficiency). In comparison to room temperature linacs,
where roughly half of the RF power is going into the cavities, superconducting accelerators
have an advantage because most of the RF power is coupled to the beam and is not taken up by
the cavities. There is a price associated with the operation of superconducting accelerators - one
has to keep the RF niobium cavities at very low temperatures of less than 4.5 K. This type of
cooling requires a cryoplant, which is often expensive and complex in operation. Ostroumov et
al. [181] provided an in-depth analysis of the advantages and cost of the superconducting linac
in comparison with normally conducted (copper) linacs. The conclusion of the publication is
that a superconducting linac for isotope production will be quite expensive and take several
years, even when standard components are used. This can change if superconducting linac
technology becomes more common. The maximum power achievable with a superconducting
linac is ~200 kW. The limitations for the superconducting technology stem from the capacity
of the cryoplant and ability to dissipate heat.

3.1.3. Microtron

A microtron is a cyclic electron accelerator developed in the Soviet Union. The electrons are
accelerated by an RF electric field of constant amplitude and frequency in a static homogeneous
magnetic field. In the vacuum chamber, electrons follow circular paths with a common tangent
point, at which the accelerating cavity is located supplying the RF field. The path of electrons
differs for each pass due to increasing momentum [182, 183]. A racetrack microtron is a larger
scale microtron, which uses two electromagnets oriented in two semicircles. The path of
electrons between these semicircles remains straight, creating a geometry similar to a racetrack.

Standard microtrons such as the MT-25 provide electron beam energies between 6 to 25 MeV
with currents up to several tens of pA. However, their power output is too low to be considered
as useful for efficient production of radioisotopes. Larger scale facilities do exist that enable
electron energies beyond 1 GeV, such as the Mainzer Mikrotron (MAMI) in Mainz, Germany.
Microtrons have been used for a number of studies, involving photon activation analysis,
photonuclear cross section measurements and fundamental research.

3.1.4. 1BA rhodotron

A rhodotron is a compact electron accelerator based on the recirculation of a beam through
successive diameters of a single coaxial cavity resonating in metric waves [184]. The name
comes from the fact that the particle path looks like a rosette. Rhodotrons are commonly used

for sterilization applications in industry providing up to 800 kW of beam power at maximum
10 MeV.

Recently IBA announced the development of the TT300-HE rhodotron electron beam
accelerator [185]. In this concept the acceleration of electrons occurs in a radiofrequency driven
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polarized circular cavity by multiple passes of the electron pulse using bending dipole magnets.
The maximum electron energy that can be reached with 12 passes is 40 MeV at a beam current
of 3.125 mA, yielding a maximum beam power of 125 kW. At this beam power, the overall
consumption of the accelerator is 450 kW, which translates into an overall efficiency above
20%, superior to typical for room temperature linacs. The machine is capable of providing
electron energies down to 1 MeV. The radiofrequency system is operating in pulsed mode (10—
70 Hz) with a duty cycle between 1% and 12.5% and is supplied by three separate tetrodes that
can be operated in continuous and pulsed mode. The beam transport system consists of one
vacuum beam line and optical elements to reach the specified beam properties on target.

Another advantage of the rhodotron is the compact size of installation. It comes with a mass of
22 tons and requires a minimum space of 4 x 4 x 4 m. As such, it represents a rather compact
design of an electron accelerator if compared to standard linacs. Apart from the accelerator
vault, a dedicated power supply, control and cooling rooms with active water cooling are
required to operate the machine. A graphical representation of the IBA high energy rhodotron
is given in Fig. 14.
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FIG. 14. Front and top view of the IBA high energy TT-300HE rhodotron. Dimensions are given in mm (courtesy
of S. Heinitz, Belgian Nuclear Research Centre).

In March 2019, NorthStar Medical Radioisotopes, LLC announced the signing of a contract
with IBA for delivery of eight rhodotrons to expand US production of non-uranium based **Mo.
In May 2021 IBA announced that two TT-300 HE rhodotrons were installed at the NorthStar
facility in Beloit, Wisconsin [186].

3.2. ACCELERATOR FACILITY DESIGN AND SAFETY

Currently there are no dedicated facilities for photonuclear isotope production existing in the
world. This situation is changing as two commercial companies are planning to build facilities
for isotope production in the near future, NorthStar Medical Technologies and Niowave.
NorthStar Medical Technologies is building a dedicated facility in Beloit, Wisconsin, USA
which is planned to start production of *’Mo from enriched !°°Mo at the end of 2022. Niowave
is building a facility in Lansing, Michigan, USA. The starting date for its commercial
production of isotopes has not been announced yet.

There are several accelerator facilities that are used for photonuclear isotope R&D and the
production of small quantities of radioisotopes. Some examples of such facilities include the
Canadian Isotope Innovations linac located at the Canadian Light Source, Saskatoon,
Saskatchewan, Canada; the Low Energy Accelerator Facility at Argonne National Laboratory,
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Lemont, Illinois, USA; the Idaho Accelerator Center in Pocatello, Idaho, USA; Institute of
Nuclear Physics of Lomonosov Moscow State University, Moscow, Russia; and Kharkiv
Institute of Physics and Technology, Kharkiv, Ukraine and others. These facilities operate
electron accelerators in the 20-50 MeV energy range suitable for photonuclear isotope
production. However, these laboratories are not optimized for radioisotope production in terms
of beam energy and power and axillary equipment.

3.2.1. Facility design considerations

The basic requirements for a new facility are given by the physical size of the accelerator and
target assembly, the shielding requirements and the space for personnel to operate and maintain.
The electron beam produces a very intense photon field from the bremsstrahlung process and a
neutron field resulting from the photo neutron reactions. The neutron field is typically
comparable to that produced by a high powered medical isotope cyclotron, while the photon
field is much more intense. The IAEA provides a guidebook dedicated to the design and
operation of a new accelerator facility including the shielding requirements [187]. Equations
17 and 18 from that document provide a ‘rule of thumb’ for the thick target bremsstrahlung
yield at 0 and 90 degrees with respect to the electron beam. These are reproduced below as
equations below:

The absorbed dose rate at 0 degrees ((Gy/h) (kW-m2)!) ~ 300 Ej,
The absorbed dose rate at 90 degrees ((Gy/h) (kW-m?2)!) ~ 50.

where Ej is the energy of the electrons in MeV. The unit m is included to suggest an inverse
square dependence on distance from the target for this type of radiation. Note that at the
approximation for the 90° was derived for energies higher than 100MeV. However, Mao,X et
al [188] simulated bremsstrahlung spectra from thick targets at 90° for electron energies ranging
from 50 MeV to 10 GeV and concluded the following:

(a) The incident electron energy does not affect the shape of the bremsstrahlung spectra
significantly;

(b) The majority of the photons are low energy (less than 10 MeV);

(¢) Among them 1.5-10 MeV photons are produced by the small angle bremsstrahlung
from secondary electrons and, 1.5 MeV photons are produced by Crompton scattering:
These results imply that the source term for bremsstrahlung at 90° is relatively
independent of energy and hence the approximation of 50 Gy/h/kW can be considered.
However, Monte Carlo radiation transport codes, such as MNCP or similar [189] should
be used to estimate the absorbed dose rate, while designing the actual facility.

As an example, the absorbed dose rate for a 30 MeV electron beam is about:
D ~ 9000 Gy/h/kW at one metre and 0°;
D ~ 50 Gy/h/kW at 1 m and 90°.

Electron beam powers typically encountered for isotope production in existing facilities are
between 20—40 kW. For a position of the accelerator at a distance of 5-10 m from the target, a
reduction of the bremsstrahlung field between seven to ten orders of magnitude is required,
depending on the location and occupancy requirements. The Tenth Value Layers (TVL) for
bremsstrahlung produced by 30 MeV electrons is about 50 cm of ordinary concrete [190]. It
would require in excess of 3 m of ordinary concrete at 90° and over 4 m at 0 degrees to attenuate
the bremsstrahlung beam to levels that would permit occupancy outside the walls.
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The use of local high density shielding around the isotope target can reduce those requirements
significantly and also reduce the production of ozone and radioactive oxygen and nitrogen in
the facility [187]. The TVL’s for attenuation of bremsstrahlung from 30 MeV electrons for steel
and lead are 11 and 5.7 cm [190]. A local shield around the target with at least six TVL’s in the
forward direction and four TVL’s from 90° back to 180° will reduce the bremsstrahlung to
levels such that the facility shielding will be mostly determined by the neutron fields and the
thickness of concrete required would be comparable to the shielding requirements of a medium
energy cyclotron facility. The local shielding will also reduce levels of residual radiation in the
room to levels that enable entry to the facility soon after the beam is shut down.

A room temperature electron linac is about 3 m long and 2 m wide and would require around
1 m of free space on both sides and at the low energy end, in order to allow personnel passage
and for maintenance requirements. The shielded isotope production target should be placed at
least 2 to 4 meters from the linac to enable the use of some optical elements to produce an
electron beam of the desired shape. The local target shielding will extend another 1.5 m beyond
the target. This would produce an enclosure with an interior dimension of at least 3 m wide by
8—10 m long with a wall thickness of about 2 m. The shielded target assembly can be in the
same enclosure with the linac or in a separate target room that would add additional length. If
the target assembly is in the same room as the linac, it will be necessary to provide some local
shielding around the end of the linac because of a few percent beam spill near the exit of the
accelerator. In [191] a conceptual drawing is provided of a dedicated facility to produce *°Ac
with a room temperature electron linac. It proposes using a 90° bending magnet with a partial
wall separating the high energy end of the linac and the bending magnet from the isotope target
region.

An Argonne National Laboratory (ANL) technical report on a high power (250 kW)
superconducting electron accelerator at 50 MeV for production of Mo [181] concluded that
the minimum floor space for such a facility would be about 120 m?, somewhat smaller than
required for an equivalent room temperature linac.

Safe operation of the facility is ensured by a design that conforms with the local regulatory
framework of the sitting location. The shielding will be required to reduce the exterior radiation
fields to levels consistent with those regulations. Part of the requirements will be a safety
interlock system that, as a minimum requirement, shall ensure that the facility is searched before
the shielded door is secured and that it is impossible to enter while the accelerator is in
operation. Appropriate accelerator and beamline interlocks will also be incorporated into the
safety interlock system. If water is used for target cooling, there will be radiolysis products
produced in the water that may produce hydrogen and oxygen [187]. If local shielding is not
used around the isotope target, then radioactive 'O (T2 =122 s) and *N (T12= 10 m) will be
produced by air activation [187] and needs to be taken into account to respect release limits.
Ozone will also be produced by the passage of either electrons or high intensity bremsstrahlung
through air. The ozone needs to be managed or it will damage most cable insulations and any
other polymer used inside the shielded facility.

3.2.2. NorthStar accelerator facility design (Practical example)

NorthStar Medical Technologies has designed and is now building an accelerator based facility
for Mo isotope production. The general layout of the facility is shown in Fig. 15. This design
is optimized for Mo production and incorporates all the important features of the production
facility.
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The Rhodotron accelerator designed by IBA is used as an electron beam source. The Rhodotron
is an efficient recirculating accelerator, generating a low energy dispersion and a low emittance
electron beam. The operating parameters for the accelerators are assumed to be 120 kW at
40 MeV. Choice of the accelerator is dictated by commercial availability, cost, and accelerator
efficiency in beam production. 40 MeV energy was chosen for optimal production of the isotope
while keeping production of the byproducts to a minimum. Because of the high cost of enriched
100Mo, a high beam power is desired. The helium gas cooling system of the target is compatible
with the beam power provided from both accelerators.

The design incorporates two accelerators for increased reliability; irradiations can be conducted
using a single accelerator if one of the machines is not available. Additionally, irradiation of
the same target with two beams allows doubling of the isotope production yield for the same
target mass, which increases specific activity and reduces consumption of enriched °*Mo.
Local shielding surrounding the target is applied as discussed above, thus reducing the shielding
requirements for other parts of the facility. Iron and high density concrete is used for local target
shielding.

The facility utilizes a horizontal target retrieval system and irradiated targets are transported
into an adjacent hot cell. It allows target manipulations without exposure of the personnel to
high radiation fields. It also allows timely maintenance and replacement work on irradiated
target holders and associated equipment. After target extraction, the irradiated Mo is
transferred to a chemical processing facility for dissolution and purification.

FIG. 15. Conceptual design of the NorthStar facility layout. 1 — local shielding, 2 — irradiation room, 3 — wall
perpendicular to the beam’s axis, 4 — the wall close to the “hot cell” (in green) (Courtesy of S. Chemerisov,
Argonne National Laboratory).
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3.3.  TARGETS

The interaction of high energy photons with nuclei may induce a variety of photonuclear
reactions including (y, xn), (y, xp) and (y, f). Depending on the mass of the nucleus and the
reaction type involved, the cross-sections for those reactions differ largely from 10-500 mbarn.
[8]. The electron energy range of 15-40 MeV is typical for accelerators described in Section
3.1. Photons are created as bremsstrahlung radiation from electron stopping in a high Z material.
Commercial radionuclide production requires beams of high intensity and several types of
electron accelerators do exist to meet this demand. Compared to radioisotope production via
cyclotrons, however, the photonuclear method has not yet found wider popularity. Radionuclide
production via photonuclear reactions comes with the advantage of larger targets and lower
thermal load per target volume if compared to proton induced methods. The photonuclear
pathway also leads to fewer reaction products than from hadronic interactions with matter and
may thus lead to higher radiopurity of the desired product. Depending on the impact of beam
related costs, this radioisotope production method may be more competitive than other routes.
Nevertheless, all aspects of the production need to be considered for an evaluation of its
economic viability.

The technology for electron based or photonuclear production of several medical radioisotopes
has been developed by public institutions, private companies or in collaborations between them
mainly in the last 10 years. The highest technology readiness level is currently characterized by
the *Mo production technology using photo neutron reactions on a '’Mo target. NorthStar
Medical Technologies developed the *’Mo production in collaboration with ANL (Argonne
National Laboratories), LANL (Los Alamos National Laboratories) and ORNL (Oak Ridge
National Laboratory) [97, 192-194]. SHINE Technologies, LLC proposed *’Mo production by
photofission of low enriched uranium and developed the method in collaboration with ANL
[72, 195, 196]. Similar technology for *’Mo production was also implemented at Niowave Inc.
[197-207].

The routine based production of 4’Cu through the photo proton reaction from ®Zn [51, 198,
199, 208, 209] is already successfully performed at ANL and Canadian Light Source, Inc.
Dedicated feasibility studies for ®’Cu photonuclear production using available linear
accelerators were performed at the National Science Center, Kharkov Institute of Physics and
Technology, Ukraine (KIPT) [73, 210] and the Society for Applied Microwave Electronics
Engineering and Research (SAMEER), India [211].

The technology for #’Sc production starting from *3Ti targets is under development, however,
several feasibly studies have already taken place [51, 53, 208]. The method for production of
7Co calibration sources for gamma cameras was developed by KIPT [58].

Tests on *Ra production through high energy photon irradiation of old brachytherapy **Ra
sources were performed by Melville et al. [161]. Maslov et al. [158] reported on **Ac
production yields from irradiated planar *2Ra targets averaging up to 550 Bq/uA/h/mg at 24
MeV. In 2019 Niovawe Inc. has reported about the technology for ?*Ac photonuclear
production from a liquid 2?°Ra target [201], simultaneously to *’Mo photofission production in
an already existing and licensed facility. Examples of other radionuclides that were
experimentally produced via photonuclear reactions are given in Table 1 of Section 2.8.

The system for photonuclear radioisotope production contains the following functional
components depicted in Fig. 16:

— Electron accelerator;
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— Bremsstrahlung converter;
— Isotope target;

— Target station;

— Target transfer system.
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FIG. 16. Scheme for photonuclear radioisotope production (Courtesy of H. Skliarova, Belgian Nuclear Research
Centre).

The accelerator provides an electron beam of the desired characteristics such as energy,
intensity, profile etc. The bremsstrahlung converter (or radiator) is responsible for stopping the
electron beam and thus creating a source of bremsstrahlung of high energy photons. A
considerable portion of beam energy is deposited in the converter and one of the critical aspects
of the system is an efficient cooling of this component. The target station is used to support the
target containing the precursor material during the irradiation. It also guarantees an appropriate
cooling of the target during irradiation and its loading and unloading from the irradiation
position and provides an interface with an appropriate transfer system. The latter ensures safe
transportation of irradiated target to a shielded hot cell for further processing. This
transportation system could also be used for loading of new (or recovered) target material into
the target station for new irradiations. The following review includes parts dedicated to the
converter and the target with their respective cooling systems, as well as the target station with
the target loading/unloading transport system.

3.3.1. Converter and Target Geometry Optimization
3.3.1.1. One stage setup (without converter) vs two-stage setup (with converter)

For given beam parameters that are usually determined by the electron accelerator, the yield of
a medical radioisotope produced by a photonuclear reaction essentially depends on the design
of the isotope target and the converter (if used). The typical design of a converter target
generally includes several disks of a high Z material such as tantalum or tungsten. The coolant
(usually water) flowing through the gaps between the disks removes the heat deposited in the
converter. The very similar design is often used for the production target, with a series of disks
made of the corresponding (mostly isotopically enriched) target material. The peculiarities of
the converter and target design have great influence on the medical radioisotope yield. Thus,
the design stage of the isotope production facility relies heavily on the detailed Monte Carlo
calculations.
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Selection of the appropriate material for the converter target is not straightforward. Studies on
bremsstrahlung production [212, 213] showed that the yield in the forward direction is nearly
independent of the Z value of the converter material, a fact that is initially counterintuitive. The
high Z material produces higher yields of bremsstrahlung but also increases scattering out of
the narrow cone in the forward direction that is used for isotope production and increases
absorption of the high energy photons compared to a low Z material. The increased absorption
of high Z material also leads to an optimum thickness of the converter targets. Sherman et al.
[212] showed the bremsstrahlung yield increases in the forward direction of a tantalum
converter with thickness until about 2.05 g/cm? and decreases with increasing converter
thickness. During the design of the photonuclear radioisotope production facility, the converter
thickness should be optimized for each considered material to maximize the electron gamma
conversion efficiency [214]. Various efficiency criteria are presented in [215-217].

The above considerations show that the choice of directly irradiating the isotope target with
electrons (one stage) or using a converter (two stage) essentially influences the production yield
majorly depending on the heat deposition in the converter and target and thus on the
performance of the cooling system.

Both setups were thoroughly studied for the case of photonuclear Mo production. However,
the calculated estimations of ®Mo yield exhibit strong dependency on the details of the model
being considered. For example, Chemerisov et al. [193] reported a two stage approach with a
tantalum converter having a 6% higher yield than a similar setup without converter. At the same
time this increase is achieved only for thin tantalum foils (0.2—0.3 mm) that could hardly be
considered as a true bremsstrahlung converter because a substantial part of the incident
electrons pass through and produce high energy photons directly in the target.

Studies with targets composed of multiple metal disks showed a clear advantage over the two
stage setup. In the report [218] Chemerisov et al. showed results of irradiating a stack of 25 one
mm thick by 12 mm diameter discs of either natural or 98% enriched Mo targets with a 42
MeV beam of electrons for 6.5 days at 8 kW. The yield per target increased by more than a
factor of three in the first four target discs before reaching the maximum yield for the next six
disks. FIG. 17 shows results of FLUKA simulations [219] of ®Mo production yields obtained
in these studies [218]. The calculated yield estimations exhibit the same trend as experimental
data, while absolute values are about 20% lower. From the calculations it also follows that
substantial increase of molybdenum yield occurs in the first six molybdenum disks.
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Fluka Calculations of '°°Mo(y,n)*®Yields
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FIG. 17. FLUKA calculations of the yield of Mo from direct irradiation of twenty 1Mo disks and irradiation of
the same stack with a one-mm and two one-mm disks of tantalum at the beginning of the stack (Courtesy of W.
Diamond, Atomic Energy of Canaday).

Table 2 shows the integral Mo production yields in five disk increments. The one stage
configuration with no converter (0 mm Ta) resulted in lower yields for the first five disks
compared to the configuration with converter, whereas for disks deeper in the target the
opposite is observed. As the thickness of the isotope target increases, the effect becomes less
pronounced and for 20 disks the total integral yield differs by less than 10% for all
configurations, in agreement with the Monte Carlo simulation results shown by Chemerisov et
al. [193].

TABLE 2. CALCULATED YIELD OF Mo FROM GROUPS OF FIVE DISKS SUMMED TOGETHER

Yield Yield (Z yield)  Yield (T yield)  Yield (X yield)
[GBq] [GBq] [GBq] [GBq]

Disk # 1-5 6-10 11-15 16-20

0 mm Ta 253.8 444.4 (698.2) 301.6 (999.8) 174.3 (1174.1)

1 mm Ta 441.8 414.8 (856.6) 246.4 (1103.0) 121.7 (1224.7)

2 mm Ta 530.2 365.2 (895.4) 207.9 (1103.3) 125.8 (1229.1)

The values given in brackets are yield summations from first to last disk given in the respective column.

Another possible way of increasing radioisotopes yield is the optimization of the target
geometry. An example of such optimization procedure can be found in the paper [220]. The aim
is a more efficient utilization of the target volume to achieve higher specific activities given the
economic value and availability of the isotope target. Figure 18 depicts calculated spatial
distributions of the *Mo yield in optimized targets for both, the one stage and two stage setups.
It is shown that the optimized shape in fact provides an approximation of the target area with a
high photonuclear reaction rate thus considerably increasing specific activity of the produced
radioisotope.
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FIG. 18. Spatial distribution of *’Mo specific yield for optimized targets: (a) one-stage setup; (b) two-stage thick W converter;
(¢) two-stage optimized thickness W converter (reproduced from Ref.[220], with permission courtesy of [Elsevier]).

3.3.1.2. Converter Target Distance

The use of a converter generally requires a more complex design of the target cooling system
than required for direct irradiation of the isotope target. The converter can be mounted in a
water cooled envelope that is separated from the target cooling envelope. De Jong et al.
illustrates such a system in reference [221]. This design introduces a significant distance
between the converter and the isotope target and reduces the yield by a large amount compared
to direct irradiation [222]. Diamond et al. [191] have proposed a design that combines the
tantalum converter in the same envelope as the radium isotope targets to reduce the spacing to
a minimum. This should be possible for the production of ?°Ra that decays to **>Ac with a half-
life of 14.9 days. The decay period allows the intense radiation from the short half-life products
such as '%Ta and !"8Ta to decay before the target is processed. An alternate approach is to build
a target chamber that includes a converter installed from below or from a side of the chamber
while the isotope target is installed into the same target chamber from above. Both converter
and target will be cooled with a common water circuit and the return can be through a third line
from the chamber or co-axially within one of the lines as shown in Diamond et al. [191]. This
can reduce the distance between the two targets without requiring the removal of the converter
together with the isotope targets.

Jang et al. [223] have done a detailed study with Monte Carlo calculations and experimental
verification of the optimal thickness of a tungsten converter target versus electron energy and
the effects of spacing between the converter and isotope target. This work was done for a
number of electron beam diameters from 0.1-15 mm FWHM. 1t is clearly a multidimensional
problem and the authors have done the work of optimizing the converter thickness and target
distance for a MoOj target of 10 mm diameter and 5 mm thickness. Figure 19 shows one
interpretation of Jang’s work. At a typical irradiation energy to produce *’Mo of 35 MeV, there
is a loss in yield of about 12% at a distance of 2 mm between the converter and isotope target
in going from a very small diameter electron beam to 5 mm FWHM. Increasing the beam
diameter to 7.5 mm produces a significantly larger loss of yield (about 30% compared to 2.5
mm diameter electron beam). Small beam diameters will lead to challenges of heat dissipation
in the centre of the converter and isotope targets. Practical values will generally lay in the range
from about 4-6 mm (FWHM) for facilities using between 10-40 kW of electron beam power.
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In Fig. 19, the primary y-axis shows the yield of Mo in the 10 mm diameter by 5 mm thick
target at the 2 mm position as a function of beam width. The three curves of Yx-mm/Y2-mm,
referenced to the secondary y axis, show the change in yield of ®Mo at x mm from the converter
target compared to the yield at a spacing of 2 mm, as a function of the beam diameter. At a
distance of 5 mm, there is already a 20% loss in yield compared to 2 mm and by 10 15-mm the
loss increases to about 40% (50%). These results will change significantly for an increase in
the target diameter, but the mass of the target increases as the square of the radius and linear
with thickness, an important consideration if a high value enriched isotope is used as target
material.

These calculations show the value of the overall design of the target geometry. There also needs
to be careful considerations of the thermal design of the various target components.
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FIG. 19. Effects of beam diameter and converter to isotope target spacing (reproduced from Ref. [223]).
3.3.2. Converter Target Materials
3.3.2.1. High-Z materials: Ta and W

One of the main challenges of photonuclear technology is the conversion of a high intensity
electron beam (>10 kW/cm?) into a flux of mixed electron and gamma radiation, which is
irradiating the target. High Z materials provide maximum efficiency of the conversion. The
simplest and probably the most used converter configuration includes disc/plate or several
parallel disks/plates of a high Z material, cooled by forced water flow. The most popular
materials for this application are tungsten and tantalum. Some examples of such configurations
are presented below.

Tantalum or tungsten [191, 223] water cooled disks can be used as an electron gamma converter
at low and medium production power level. Tantalum was used for many years as a thick
neutron production target for the ORELA (Oak Ridge Electron Linear Accelerator) linac [224].
Seven tantalum plates of increasing thicknesses from 1.5-7.5 mm and water cooled on both
sides of each plate were used as the target. The beam energy was 150 MeV and the beam power
was 50 kW with a full width at half maximum (FWHM) of about one cm. Both aluminium and
beryllium were used as the housing material and served as the window separating the water
cooling and the vacuum system. The combination of water cooled tungsten plates in an
aluminium housing was used at the Rensselaer Polytechnic Institute (RPI) linac [225] at beam
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powers up to 50 kW at 50 MeV. There were early reports of flaking of radioactive tungsten
pieces during high power operation that were cleaned up with a water filtration system [225].

The amount of energy deposited in thin plates of a converter material is largely determined by
the collision stopping power of the electrons in the material. For tantalum, this only changes by
about 16% from 10 MeV (1.21 MeV/g/cm?) to 100 MeV (1.43 MeV/g/cm?) [226]. Most of the
energy produced by the increasing radiative stopping power at higher electron energies leaves
a thin target although some of the photons will be absorbed by the second and third converter
foils if used as part of the converter. Diamond et al.[191] shows that the energy deposited in
three one-mm thick tantalum plates, as calculated by FLUKA with a 20 kW electron beam of
25 MeV, is 2.12,2.77 and 2.45 kW for plates 1 to 3, respectively.

The collision stopping power in tantalum at 25 MeV is 1.31 MeV/g/cm? [226]. The product of
this and the thickness of the tantalum piece of 0.1 cm times the density of 16.6 g/cm? is 2.2
MeV, or nearly 9% of the 25 MeV total beam energy compared to the calculated energy loss of
just over 10% of the electron beam power. As the beam energy increases, the amount of MeV
deposited in the tantalum increases slowly while the energy of the electron beam increases at a
faster rate. This enables higher beam powers to be used as the energy increases. If the power
deposited in the pieces of tantalum are found to be limiting, then thinner pieces can be used at
a small loss in yield because of the longer spacing. It should be possible to design a water cooled
converter target with tantalum plates that covers most practical irradiation conditions in the
range of 10 to 40 kW at energies from 25-50 MeV.

3.3.2.2. Composite material

The converters can be made not only of a single high Z material. The use of composite
converters made of several layers of different materials can provide better thermal and
mechanical performance. Gao and collaborators [215] have studied both a single high Z
material and a composite of a high Z material (tungsten) and a low Z material (aluminium,
copper, silver gold) converter for a 6 MeV 100 pA linac irradiation. To find the optimized
thickness and material with biggest conversion efficiency, the authors have performed a Monte
Carlo simulation for the irradiation process in order to maximize the photon dose while keeping
the energy leakage rate lower than 0.05 %.

The Canadian particle accelerator centre, TRIUMF, experimentally studied several composite
target configurations consisting of high Z materials, like gold or tantalum, deposited onto
aluminium by electroplating or explosion bonding [227]. Tantalum on aluminium prepared by
explosion bonding (100 um, 1000 pm) has shown better resistance to 500 h irradiation with the
power equivalent to 100 kW. Explosion bonded gold on aluminium (100 pm), or gold with thin
nickel or nickel and zinc under layers prepared by selective brush plating (500 um) and by
electrodeposition (10 um) on aluminium samples showed to change both morphology and
composition under the beam irradiation already after 50 h, thus having an inferior performance.

3.3.2.3. Liquid metal converter

Niowave Inc. has reported to use of an eutectic mixture of lead and bismuth (LBE) for the
gamma photon, gamma neutron converter for the photofission production of Mo from LEU
(in solid form) and simultaneous photonuclear production of ?2°Ra from ??Ra (liquid form)
[195, 199, 226]. The geometry of the LBE converter developed by Niowave will be discussed
in section 3.3.3.4.
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3.3.3. Converter cooling geometries
3.3.3.1. Water as a coolant

Water cooling of materials irradiated by a high intensity beam of electrons produces substantial
amounts of radiolysis products that are corrosive to many materials. Argonne reported that
water cooled molybdenum targets dissolved some of the molybdenum material during
irradiation. The heating of the discs due to the interaction with the beam should be estimated
and controlled, since under elevated temperature an oxidation of the metal occurs and can cause
target losses. Thus, in the experiment performed at ANL, when using a water cooled target it
was observed that after irradiations the disks were black in appearance due to a thin layer of
molybdenum oxide on the surface. The losses in weight for the samples were in the range of
0.3-0.7%, which could have been due to a partial dissolution of the target in the cooling water
during irradiation [229]. Based on the negative experience with direct water cooling of Mo
targets, ANL and LANL changed to pressurized helium cooling [97, 230].

Materials such as aluminium, beryllium and titanium have tenacious oxides that are resistant to
the radiolysis products and are used for electron beam windows and target chambers. Tantalum
is also resistant to radiolysis products and is a good choice for a conversion target.

Lillard et al. [231] studied the corrosion of downstream components in a loop irradiated with
800 MeV protons to determine the corrosion rates of typical materials that might be used in the
construction of a proton spallation target. He found that the corrosion rates were highly
dependent on the materials used in the loop, the cleanliness and the corrosion chemistry used
to control the buildup of products such as hydrogen peroxide. Lillard et al. notes that the water
radiolysis models for both fission reactors and accelerators predict that similar species are
formed in both environments, so his measurements are likely relevant for an electron
accelerator. The conclusions of this study were that the cooling loop should be made entirely
with type 304 stainless steel, thoroughly cleaned before use with a periodic flush and refill with
de-ionized water and treated with the addition of small amounts of hydrogen gas that reduces
the buildup of hydrogen peroxide, referred to as hydrogen water chemistry control [231].
Aluminium alloys (AL6061 and AL5052), tantalum and alloy 718 had very low corrosion rates
while tungsten was nearly 50 times higher than tantalum. Measurements made with a loop using
copper components and no chemistry control demonstrated one to three orders of magnitude
higher corrosion rates [231]. It may be concluded that a carefully constructed cooling loop with
hydrogen water chemistry control is sufficient to reduce the degradation of molybdenum during
irradiation, but this remains to be experimentally verified.

3.3.3.2. Helium cooling

Due to problems associated with radiolysis and corrosion in water based cooling systems, gas
cooled accelerator systems using He offer a suitable alternative. Although technologically more
challenging to realize, they come with the advantage of having much less complex coolant
chemistry and significant less activation. A helium gas cooling for an electron accelerator target
was developed by ANL and LANL [97, 191, 232-234]. It was successfully demonstrated that
it is possible to dissipate up to 1 kW per 12 x 1 mm disk using such a system [97]. It operates
in a closed loop design and was tested with up to 10 kW on target. Details on the He loop design
are given in Section 3.3.6.1 below. The scale up to handle up to 120 kW beam power will still
require further testing and optimizations.
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3.3.3.3. Geometry with increased heat exchange surface

The ARIEL electron gamma converter of TRIUMF is designed for up to 100 kW of beam power
corresponding to a heat flux of 6.0x10° W/m?. To dissipate this heat, the low Z high thermal
conductivity (Al) substrate is machined into a fin array.

Various fin geometries were investigated, but a simple vertical fin array was preferred due to
higher manufacturability [235, 236]. The actual concept is a trench type converter. The
converter prototype corresponding to an optimized geometry was 4 mm tall and had 1.2 mm
thick fins, with 1.2 mm thick channels between them. A bench test corresponding to the
described geometry for a converter prototype was performed using a tungsten inert gas welder.
The measured temperatures were compared with ANSY'S [237] simulations showing an average
error of less than 10%.

Other ways to improve the thermal stability of the converter, target and beam window can be
beam sweeping over the target and the target movement in respect to the beam. Another
alternative is the rotation of the converter with respect to the target and beam as is proposed in
a recent study [238].

3.3.3.4. Liquid metal cooling

The idea of liquid metal cooling of an accelerator target is not new. Having a higher density
and considerably higher boiling points than water, heavy liquid metal cooling technology is
applied in several research centres around the globe. It was extensively studied as an option for
the high power target of the European Spallation Source ESS with Hg, Pb or LBE as cooling
medium. Hg cooling is successfully applied for the rotating uranium target at the GELINA
facility, Joint Research Centre Geel, for beam powers up to 10 kW [239, 240] and for ion linear
accelerator targets for radioisotope production [241, 242]. However, for radioisotope
production, liquid metal cooling of targets has not been really considered, due to the complexity
of the system and issues of safety in routine operation.

Although designed and tested for a different purpose, the windowless target electron beam
experimental irradiation (WEBEXPIR) represents a pioneering example of a liquid metal loop
reliably operating under intense electron beams [243]. The tests were conducted with an
industrial rhodotron TT-1000 that provided a 7 MeV electron beam with currents up to 10 mA.
It was concluded that the LBE free surface flow was not disturbed by the interaction with the
electron beam and that vacuum conditions stayed well within the design specifications.

Independently, Niowave Inc. designed an LBE converter cooling system, where the flow is
generated by differences in the density of the coolant at different temperatures. The feasibility
study of an LBE converter [198, 199] for low beam power was performed. The tubes are kept
above the LBE melting temperature of 124°C using resistance heating tapes. The cooling
performance of this converter was tested at Idaho Accelerator Center by irradiating a Zn target
attached to the back of the converter. It was reported that the Zn target temperature did not
exceed 150°C even at 1 kW [198].

Additionally, a forced flow LBE converter was developed at Niowave Inc. to withstand higher
beam powers. Due to limitations incurred by a conventional window based design, a
windowless approach was considered for high power applications. This converter design used
a ‘waterfall’ feature where the LBE is driven in a closed loop via an electromagnetic pump. The
system is designed to be operational at electron beam powers of 100 kW at 40 MeV [206].
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Liquid sodium is yet another coolant medium that is currently foreseen for target cooling within
the SMART project undertaken at IRE, Belgium, for *Mo production using a high power
superconducting electron linac provided by ASML, Netherlands.

It is important to note that the usage of liquid metals for cooling applications in nuclear
installations comes with its own challenges. During operation, coolant chemistry control is
crucial to keep corrosion at an acceptable level. Activation and suitable strategies for disposal
need to be foreseen. Experience with liquid metal coolants in accelerator facilities is generally
very limited despite their promising potential for high power applications.

3.3.4. Target material form
334.1. Pressed and sintered discs

Pressed and sintered discs of Mo are used for *Mo photonuclear production at NorthStar
Medical Technologies [244] and Canadian Light Source Inc. [221, 245]. The method for
production of the molybdenum discs for NorthStar Inc. was developed by Oak Ridge National
Laboratories (ORNL) [246] and validated with the support of ANL [247]. Originally, powder
metallurgy fabrication of '®°Mo targets was used for the development of the *’Mo production.
The main advantages of powder metallurgy are small material losses and the production of
dense, high quality parts using elemental molybdenum powder. One of the critical aspects was
the development of a controlled production method, which is a combination of powder
morphology, lubricants, pressing technique and sintering conditions. This enabled the
production of target disks with controlled densities, minimal variations in dimensions and little
or no distortion [248].

In addition to the standard pressing and sintering approach, additive manufacturing was also
studied for the fabrication of complete target assemblies [249]. In order to guarantee the
reproducibility, ORNL developed a method of preliminary treatment of Mo powders suitable
for use by an AM250 Renishaw AM machine [250].

3.34.2. Container based target and encapsulated solid material

Metallic ®®Zn inside an alumina crucible is used at ANL for the production of ®’Cu. After
irradiation, the zinc is sublimated in vacuum, and the copper and byproducts are then dissolved
from the alumina crucible and chemically separated [72]. Canadian Light Source Inc. is using
mechanically encapsulated targets of ®*ZnO for the production of ¢’Cu.

Loosely packed or pressed titanium dioxide targets contained within two aluminium foil
envelopes were used to study linear accelerator based *’Sc production at ANL [53]. The ANL
group has reported difficulties with the titanium dioxide sintering and their dissolution after
irradiation [251].

During the feasibility study for the photonuclear production of ®Mo at KIPT (Ukraine), Dikiy
et al. [100] considered both, metallic Mo and MoOs as a precursor material. Two versions of
truncated cone shaped target were made: one consisting of 30 g of elemental ™Mo and an
aluminium capsule with external cooling fins, which contained two foils of Mo and 50 g of
MoO:s. Both targets contained nearly the same amount of natural Mo. A thermocouple was
placed inside each target to measure the temperature during irradiation. During 30 min of
irradiation at the KUT-20 accelerator with an average current of 7 pA at 30 MeV, the steady
state temperature at the centre of the MoOs target increased to 75°C at a cooling water
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temperature of 36°C. The produced activity of Mo was about 8.2 MBq for the metallic target
and 5.9 MBq for the combined oxide and foil target.

The same group [73] reported on comparisons of metallic molybdenum to MoO3 with regard
to *Mo production efficiency for a constant cylindrical target volume. It was found that for the
same irradiation parameters, the measured activity of Mo was about ten times lower for the
oxide target compared to Mo metal. During irradiation with the KUT-30 accelerator at an
average current of 260 pA (9.2 kW beam power), a sintering of the MoO3 powder was observed,
which indicated inefficient cooling. Based on those results, oxide targets were considered of
little use for photonuclear production of Mo with regard to both the production yield and
thermal performance of the target.

3.3.4.3. Liquid form

Niowave Inc. has reported [201] the use of a closed stainless steel container hosting an aqueous
solution of 2°RaNO; as the target for photonuclear production of 2*>Ra simultaneous to the
photo fission production of Mo from LEU. It was declared that the commercial scale system
of Niowave is designed to produce 370 GBq per week of 2?°Ac from a nitrate based solution of
226Ra. At the beginning of 2019, it was also reported that the demonstration scale production of
370 MBq batches of ***Ac at Niowave had begun and should have been completed in April
2019.

3.3.5. Target mounting/dismounting system

During the initial stages of the photonuclear isotope production technology development,
manual target mounting and dismounting methods were and are commonly applied. However,
facilities aimed to produce commercially relevant activities will require the handling of targets
at much higher degrees of activation. This will result in the necessity of remote handling
techniques until the target assembly is inserted into a shielded flask. The target discs are
typically held in an enclosure that enables high throughput of coolant, usually either water or
helium [218]. The operational procedures after irradiation will depend upon the design of the
target and the cooling system used. Some examples are described below.

Chemerisov et al. [234] reported using a mechanical lift driven by a linear screw drive to lower
the target assembly from the irradiation site inside of a high density local shield to a location
below the shield where the target assembly is transferred to a shielded flask on a cart for
transport to a hot cell.

DelJong et al. [222] showed a photograph of the remote handling components to remove the
irradiated discs to a location above the local shielding for transfer to a shielded flask. The
shielded flask then is transported to a hot cell by a trolley.

3.3.6. Examples of linac based technologies for radioisotopes production
3.3.6.1. Mo Production

NorthStar Medical Technologies with the support of the National Nuclear Security
Administration (NNSA) and US National Laboratories ANL, LANL and ORNL, are developing
the accelerator based production of *Mo by using the photonuclear reaction '®®Mo(y, n)*’Mo
in an enriched '®Mo target, using a high power electron accelerator to produce an intense flux
of bremsstrahlung photons to efficiently drive the nuclear reaction. Because of the high cost of
enriched '®Mo targets, the material has to be recycled and losses during the recycling process
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and size of the target have to be minimized to make the production process commercially viable.
Minimization of the enriched material inventory leads to a desire to use targets as small as
possible and to use the highest possible beam power. Those requirements make the cooling of
the target challenging. Initial experiments at ANL were conducted by using a water cooling
system where the water coolant was in direct contact with molybdenum targets [229]. While
those experiments demonstrated photonuclear approach capabilities, some dissolution of
molybdenum was observed. After this observation, LANL designed a helium cooling system
that was built and tested at ANL Low Energy Accelerator Facility (LEAF) [247].

o Design of the target

The initial design on the target was optimized for available power and energy of the electron
accelerator at Argonne. This design was based on 6 mm Full Width Half Maximum (FWHM)
beam size and 100 g/s mass flow rate of the helium through the target. The target was designed
to accommodate up to 20 kW of beam power on the target. Later, a production facility scale
target was developed capable of handling up to 120 kW of beam power [252]. This target
consists of 81, 0.5 mm thick 29 mm diameter disks. The scaled-up version of the helium cooling
system was designed and tested at LANL [252]. For scaled down tests at Argonne, a shorter
target was utilized because of the helium flow limitations of the installed gas cooling system.

The target holder contains the disks with flow channels between each disk. The holder is
inserted into the target housing that provides the pressure boundary for the helium coolant. The
beam window is integral with the housing and is shaped to minimize beam attenuation and still
provide adequate containment of the pressurized helium. The helium flow is directed into the
target holder from the roots blower located inside the pressure vessel and then returned to the
pressure vessel.

o Gaseous Helium Cooling System

The helium cooling system diagram is shown in Fig. 20. The maximum mass flow rate
achievable with this cooling system is 136 g/s at 20.7 bar pressure. The vessel maintains the
static pressure in the system. A motor and blower are located inside the vessel and are used to
circulate the helium through the closed system. An after cooler heat exchanger is located outside
the vessel at the discharge of the blower. This heat exchanger removes the heat from
compression and from the motor. An oil filter is located downstream of the after cooler and
upstream of the target assembly to prevent particle blockage in the target coolant channels and
protect the target from oil contamination in case of seal failure in the root's blower. There is a
bypass around the target assembly for system recirculation when the target is not in place. A
heat exchanger located in the return from the target removes the heat generated in the target
from electron beam bombardment. The flow is returned to the vessel at the discharge from the
heat exchanger.
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FIG. 20. Helium cooling system diagram (Courtesy of S. Chemerisov, Argonne National Laboratory).
3.3.6.2. Cu Production

There have been a number of experimental studies of ’Cu production using an electron
accelerator [253-255] using natural zinc as a target material. Copper-67 (T12=2.58 d) is formed
via (y, p) reactions on %Zn having a natural abundance of 18.5%. Table 3 shows all the
competing reactions for a "™Zn target including the threshold energies for reactions with a
significant cross-section. The main competing reaction for a photonuclear reaction on natural
zinc is ®*Cu from the (y, pn) reaction on °Zn. The (y, pn) has a smaller cross-section compared
to the (y, p) reaction of interest and has a threshold energy that is 10 MeV higher so it can be
avoided or minimized by choice of proper electron energy. If an isotopically enriched target is
used, then there is a very low production of competing reactions, ®*Cu has a short half-life of
5.1 min and the other products are stable. The enriched isotope is available in large quantities
because there is a demand for ZnO depleted in ®*Zn (natural abundance of 49.2%) as an anti-
corrosion additive to water systems in some models of BWR reactors.

TABLE 3. POTENTIAL COMPETING PHOTONUCLEAR REACTIONS OCCURRING WITH MTZN

Reactions: (v, m) (v,2n) (. p) (v, pn) (v,0)
Threshold [MeV]: 10.2 17.3 10.0 19.1 5.3
%47Zn(y,x) (49.2%) 87Zn 2Zn stable short Ty stable
67Zn(y,x) (27.7%) 67Zn stable stable %4Cu stable
87Zn(y,x) (18.5%) stable stable ¢Cu short Ty stable
77n(y,x) (4.0%) stable 87Zn short Ty stable ONi
0Zn(y,x) (0.6%) stable stable short Ty short Ty 6N

From all generated radionuclides isotopic with the target material, %Zn constitutes a challenge
in terms of gradual buildup of residual activity that cannot be separated chemically. Having a
half-life of 244 d and a vy line at 1115 keV, it needs to be considered when handling target
material recycled multiple times.
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Copper-67 can be used for both diagnostic and therapeutic purposes (theranostic application).
Johnsen et al. [255] shows the approximate requirements for each use and for therapeutic
applications the range is from 1.6 to 15.6 GBq with an average of 3.9 GBq. This leads to the
requirement to optimize the production of ’Cu using large zinc targets enriched in %Zn at the
maximum electron beam power that can be safely used in routine production and the subsequent
efficient separation. Johnsen [255] also compared some of the advantages and disadvantages of
both reactor produced and cyclotron produced ¢’Cu that are equally relevant to production by
the photonuclear route. A major advantage is that the enriched isotope ¢’Zn required for the
reactor (n, p) reaction was quoted (in 2015) as $17 000 per gram compared to $2 000 per
gram for enriched ®*Zn and the reaction cross-section of about 10 mb for the fast neutron
reaction is similar to the (y, p) cross-section. The fast neutron flux in a nuclear reactor is
typically about 3—10 times lower than the thermal flux, so fast neutron fluxes would be about
the same as the relevant photon flux for a high-power irradiation leading, to specific activities
that are about the same for a high flux reactor and lower for most research reactors.

Copper-67 is produced at Argonne National Laboratory via a photonuclear reaction at its Low
Energy Accelerator Facility (LEAF). The team at Argonne has developed a patented process
that provides approximately 37 GBq to customers per batch, with radionuclidic purity of >99%
and a specific activity exceeding 1.85 TBg/mg (°’Cu/total Cu at end of irradiation). The
National Isotope Development Centre is accepting orders for ®’Cu, and batches are produced
on a monthly basis.

3.3.6.3. Scandium-47 Production

Scandium-47 is a promising 3~ emitter for the preparation of radiolabelled antibodies due to its
favourable average beta energy of 162 keV and convenient half-life of 3.35 days. It also decays
with a 159.4 keV vy line which allows in vivo imaging with a SPECT scanner. Currently, its
clinical application is inhibited by the lack of regular availability of sufficient quantities. It can
be produced by several methods such as “*Ti(p, 2p)*’Sc, with high energy protons with an
energy above about 40 MeV and a low cross-section of 10—15 mb. It can also be produced by
high energy neutrons via the *’Ti(n, p)*’Sc reaction. This reaction requires a reactor such as the
high flux reactor at Oak Ridge National Laboratories to produce reasonable quantities. Aliev et
al. [256] provides a table of the cyclotron and reactor reactions used to produce *’Sc, including
references to the original research. That work also shows some of the contaminant reactions.
Some of the preferred routes require costly enriched isotopes such as *°Ca with a natural
abundance of only 0.004%. Inagaki et al. [257] shows the typical requirements for a therapeutic
treatment using *’Sc to be from 5.5 to 7.4 GBq. This high activity per treatment leads to the
requirement of the production of high activity per irradiation by any method used to produce it.

Despite cyclotron or reactor routes, *’Sc can also be produced using the photonuclear reaction
*'Ti(y, p)*’Sc with either a natural titanium or enriched **Ti target. There are a number of
experimental investigations of the **Ti(y, p)*’Sc reaction using both TiO, and metal titanium
targets [255, 257, 258]. Titanium metal should be an excellent target material. It has been used
as an electron beam window in contact with water on one side and vacuum on the other side.
The radiolysis products in the water did not produce corrosion during long periods of use at
high beam power. Metallic titanium targets of one to two mm thickness and water cooled on
both sides, should be able to operate at electron beam powers of 20-30 kW at a beam profile of
five to seven mm (FWHM), in close proximity to a water cooled converter target. This will
require recycling the target material to a metal rather than an oxide, which may be more
challenging. If it can be done, there is significant value during the irradiation process.
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Natural titanium consists of five isotopes from *°Ti to °°Ti and the (y, p) reaction on all but *°Ti
leads to a radioactive scandium isotope. Table 4 shows all the competing reactions for a "™Ti
target including the threshold energies for reactions with a significant cross-section. The
threshold energies for the "™Ti(y, pn) reactions are near 23 MeV, significantly higher than for
the "Ti(y, p) reactions. Attention needs to be paid to “*Ti (712 = 58.9 y), as it will build up in
recycled target material. Table 5 shows the four scandium isotopes produced by the " Ti(y, p)
reaction with their basic decay properties.

TABLE 4. POTENTIAL COMPETING PHOTONUCLEAR REACTIONS OCCURRING WITH NATTI

Reactions: (v, m) (v,2m) (29 )) (v, pn) (v,0)
Threshold [MeV]: 11.6 20.5 114 23 9.4
4Ti(y,x) (8.3%) STy Ty stable Hgmgc stable
YTTi(y,x) (7.4%) stable STi 46Sc stable stable
BTi(y,x) (73.7%) stable stable 41Sc 46Sc stable
“Ti(y,x) (5.4%) stable stable 8Sc 41Sc 4Ca
OTi(y,x) (5.2%) stable stable “Sc Sc stable

TABLE 5. NUCLEAR PROPERTIES OF SCANDIUM RADIOISOTOPES PRODUCED BY THE NATTI(T, P)
REACTION

0 Half-life Decay E, Ep
Mode keV (%) keV (%)
43¢ 83.9d B~ (100) 889 (100) 111 (100)
1120 (100)
4ISc 33d B (100) 159 (68) 142 (68)
203 (32)
3¢ 43.7h B~ (100) 158 (10) 983 (100)
227 (90) 1037 (98)
1312 (100)
¥Sc 572 m B (100) 1762 (0.05) 824 (100)

Section 3.3.7.2 showed that ’Cu could be produced with high radiopurity using an enriched
isotope target and electron energies from about 30-50 MeV. Small fractions of the other
naturally occurring isotopes of zinc in the target will not produce significant deterioration of
the radiopurity. It is significantly more challenging to produce *’Sc with high radiopurity. The
(v, p) reaction cross-section is roughly equal for all four isotopes [259] and the interference of
the other scandium isotopes is large. If an enriched **Ti target is used there is still the
interference caused by the 83.6 d *“Sc isotope produced by the **Ti(y, pn)**Sc reaction. Figure
21 shows the TENDL [259] cross-sections for the **Ti(y, p)*’Sc and the **Ti(y, pn)**Sc reactions
and the bremsstrahlung spectrum produced by a one-mA beam of 25 MeV electrons. The
bremsstrahlung spectrum was calculated by FLUKA for a converter target of three one-mm
discs of tantalum [219], each disc separated by one mm for water cooling. At 25 MeV there is
very little overlap of the bremsstrahlung spectrum with the (y, pn) cross-section and a
significant overlap with the (y, p) reaction.

FIG. 21 also shows a measurement of the experimental cross-section reported by Weise et al.
[260] as a differential measurement at 90° and multiplied by 4z, assuming an isotropic angular
distribution. This assumption seems adequate judging from previous experiments in this nuclear
region [261]. The integrated cross-section, cine = 345 MeV-mb, essentially the same as the
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integrated cross-section for the (y, n) reaction that is given as cint = 398 MeV-mb by Belyshev
et al. [262]. Belyshev et al. makes the argument that the cross-section should be closer to the
value computed by the TALYS code that is about the same value as the TENDL results shown
in Fig. 21. A value of 6int = 109 MeV-mb is calculated by the TALYS code for the integrated
cross-section, just over 30% of the experimental value. The experimental work and associated
theory use isospin splitting to describe the observed high cross-sections of the (y, p) reactions
of titanium isotopes [263] and the TALYS code does not include that contribution according to
Belyshev et al. [262].

“Ti(y,p)*'Sc

++ TENDL (y,p)
== TENDL (y,np)
** Exptl (y,p) 0.32

28 Fluence 0.28
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FIG. 21. The cross-section of **Ti(y, p)*’Sc predicted by the TENDL [259] data base and experimental results by
Weise [260]. The electron fluence for a 1 mA beam of 25 MeV electrons produced by a converter of three 1-mm
sheets of tantalum is also shown.

There are greater challenges in development of the photonuclear production of *’Sc at high
yields than the development of ®’Cu. However, the higher cross-section and the favourable
target characteristics of a metallic titanium target could enable the production of higher total
activities even if required to use the low irradiation energy of 25 MeV. The photonuclear
reaction appears to have several advantages over cyclotron produced reactions that are
challenged by higher yields of **Sc [256, 258]. For details on experimental production of ¢’Cu
the reader is referred to [72, 256].

An advantage of producing *’Sc from titanium is that it can relatively easily be chemically
separated from the target material. Kolsky et al., [264] have already described the separation of
either TiO2 or titanium metal targets. Kolsky also described methods to recover the target
material from either type of target. If an isotopically enriched **Ti target is used then there is
tolerable residual activity in the titanium material from *‘Ti(y,2n)*Ti reactions, a recycling
technology could be developed with reasonable effort.

3.3.6.4. Actinium-225 Production

Actinium-225 can be produced via the reaction ?°Ra(y, n)*>°Ra. The **°Ra decays to *>>Ac with
a half-life of 14.9 days. There is considerable clinical interest in the use of *Ac or one of its
daughter products, 2!*Bi, for targeted alpha therapies [265] but the supply is limited and the
challenges of producing larger quantities with accelerators are substantial. Production with
either a cyclotron via the 2>Ra(p, 2n)**>Ac reaction or an electron accelerator requires using a
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radium target. 2*°Ra is a highly radiotoxic element with an activity of 37 GBq/g (1 Ci/g) of
alphas that are in secular equilibrium with four more alpha decays and one of the isotopes in
the decay chain (**’Rn, Ti2 = 3.825 d) is a noble gas. >*’Rn serves as gaseous carrier of the
major dose contributing isotopes in the **Ra decay chain ultimately forming 2!°Pb, which
induces long lived contamination if >?’Rn is not contained. Even so, alpha decay induces helium
formation that can build up sufficient pressure to damage a target envelope [266]. It has been
suggested that the maximum mass that might be safely operated is one gram [267]. This leads
to the requirement of hermetically sealed targets with optimized geometry to provide high
yields of the reaction.

Radium is the heaviest alkaline metal from group 2 of the periodic table and is a highly reactive
metal that also has poor physical, chemical and thermal properties for use as a target material.
One gram of radium with a density of 5 g/cm® is only 0.2 cm? of target material. Diamond et al.
[191] has proposed a conceptual design of a radium target and target chamber that should enable
the use of the photonuclear reaction for producing reasonable yields of 2>>Ac. The target shape
has been optimized to use the maximum thickness still allowing acceptable heat removal,
leading to a target disk size of 10 mm diameter and 2.56 mm thickness. Because of the poor
thermal properties of radium and the intense radioactivity including an unshielded gamma field
of about 9 mSv/h at one meter from a 37 GBq (one gram) source of >°Ra, the source is further
divided into two to four separate hermetically sealed targets to reduce the thermal load during
irradiation and the activity per target at all stages of handling.

Figure 22. shows a concept of a radium target hermetically sealed with an aluminium shell. It
uses two sections of high purity aluminium metal to encapsulate radium. The aluminium is %-
mm thick on both sides of the radium, sufficiently thick to withstand internal pressure from
helium buildup with a high margin of safety. It is proposed to fuse the two aluminium sections
using a cold weld under a rough vacuum so that the plates would collapse on to the target
material when exposed to atmospheric pressure. High pressure cooling water would increase
the contact pressure and aid in heat transfer to the cooling water.

Aluminum Radium A7 0.50
N '
}'\;:I"_\ '
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FIG. 22. Example of a high-powered radium target for electron irradiation with (a) top view of the target and (b)
details of the three sections of the target assembly. Dimensions are in mm. (Reproduced from Ref. [191] with
permission courtesy of [AIP Publishing]).

A converter target of three discs of 1 mm thick tantalum is about optimum to produce the
bremsstrahlung photons used to produce the photonuclear reactions. The paper by Diamond et
al. [191] describes target designs and a target holder to optimize the irradiation geometry for
maximum yield. The FLUKA code [191] was used to assist in the design and to reproduce
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experimental yield measurements of the production of ?°Ra(y, n)’*’Ra by Maslov et al. [158]
to provide some confidence in theoretical cross-section data used in the FLUKA calculations.

There are a number of challenges associated with the development and production of suitable
gram scale 2?°Ra targets for commercial production of >*Ac. Due to its radioactive nature, all
operations will require a hot cell environment that greatly reduces the freedom of choice for
methodologies usually employed in the manufacturing of stable targets. It also needs to be kept
in mind that many physico-chemical properties of radium and its compounds are not well
known due to obvious difficulties working with this element. For example, the melting
temperature of radium metal accepted in literature today was only measured once by Marie
Curie herself in 1910. Similarly, available water solubility data of common radium salts are
almost 100 years old [268]. While these data may not be necessarily wrong, surprises will
certainly appear since there is barely any experience working with gram amounts of radium and
its compounds nowadays. The emanation of 2*Rn, the high dose from its daughters, alpha recoil
and radiolysis makes **°Ra one of the most difficult elements to work with. The rising interest
in 22°Ac and the promising potential producing it via photonuclear transmutation might induce
a renaissance of scientific research on radium and its compounds in future.

4. RADIOCHEMICAL SEPARATION

The radioisotope to be useful for its further applications, many times requires to be free from
target material and other radionuclidic and chemical impurities. Minimizing the mass fraction
of the target material relative to the desired radioisotope is especially necessary for formulation
of radiopharmaceutical for patient use either for diagnostic or therapeutic purpose.

4.1. GENERAL CONSIDERATIONS

Radiochemical separation is the most common strategy to isolate produced radionuclides from
bulk target material [269]. One of the main differences compared to cyclotron production of
medical radionuclides verses photonuclear reactions is the possibility to efficiently use a large
mass of the target material and higher electron beam powers. Typically for photonuclear
reaction tens to hundreds of grams are used compared to cyclotron targets ranging from 100’s
of mg to several grams. This, however, may also require additional purification steps in order
to achieve suitable product purity with regard to radiopharmaceutical applications.

In some cases, the desired isotope and the target material have very similar chemical behaviour.
It is crucial to achieve a separation factor similar to the atomic ratio of the target material to
that of the desired isotope. In other words, for multiple gram targets and produced product
quantities in the nanogram range, separation factors of 108-10'° are typically required. Taking
into account that the average separation factor per separation step is 10>-10°, several separation
steps should be applied to satisfy this requirement.

Ideally, a suitable target for a specific photonuclear reaction needs to be monoisotopic to
provide a product of highest isotopic purity. This often requires the usage of highly enriched
targets (e.g., 'Mo, **Ti, Zn etc.). This requires a significant upfront investment to purchase
the multiple gram target and demands for efficient target recovery strategies to make routine
commercial production commercially viable. This needs to be accounted for in the chemistry
design and the further operation of the generator (e.g., Mo/**™Tc generator produced via '°°Mo
(v, n)*’Mo reaction).
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4.2.  PHOTO NEUTRON PRODUCED ISOTOPES

In the case of (y, xn) reactions, the final reaction product is isotopic with the target element
making it practically impossible to chemically separate the product from the target material. In
most cases, the specific activity will not be acceptable for radiopharmaceutical applications.
The only potential application in radiopharmaceutical sciences is using the produced isotope as
a parent isotope for the decay product or generator system (e.g., '®Mo(y, n)*’Mo—""Tc,
“Ca(y, n)*Ca—*"Sc). In this case, the irradiated target with the parent radionuclide needs to
be chemically isolated once or routinely from the decay product (daughter) before the daughter
isotope can be used. The typical generator setup is to bind the parent isotope to a matrix and
‘milk’ the daughter isotope. This approach may not be applicable to photo production with the
large mass of the parent isotope and target mixture as it would require a relatively large amount
of solid phase (e.g., resin) or very selective systems with high Ky (distribution coefficient)
values to retain this mixture for the time of generator operation. Alternatively, the inverse
generator principle based on the opposite concept may be applied where the parent isotope stays
in solution while the daughter product is retained on a solid support and subsequently eluted.
Generators based on liquid-liquid extraction or precipitation may be applied as well.

4.3. PHOTO PROTON INDUCED ISOTOPES

In case of (y, xp) reactions, the atomic number of the reaction product changes and thus can be
chemically separated from the target material. In contrast to proton irradiation reactions of the
form (p,xn), where the atomic number of the product is Z+1, radiochemical separation can be
more challenging for photo proton reactions since higher Z target elements are preferably
retained or extracted compared to lower Z product elements. Typically, several separation steps
are applied as illustrated in Fig. 23. Similar separation concepts may apply to cyclotron
produced isotopes as well.
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’—- Target traces
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FIG. 23. Scheme of the radiochemical separation concept for (y, p) produced radionuclides (Courtesy of G.
Engudar V. Radchenko, TRIUMF).

4.3.1. Bulk separation

The first crude separation step aims to remove the bulk of the target material. Typically, this
separation step provides mass reduction of the target material compared to the n.c.a product
between 10°-10°. The preferable situation to minimize the use of resins and reagents is when
the product is retained on the resin or extracted on a column while the target material shows no
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affinity towards the stationary phase. However, in the case of photo proton reactions, this is
more challenging to achieve as the target product with higher Z is preferentially retained.
Separation is still possible but will require additional adsorbent mass and reagent volumes to
achieve the required separation factors. Alternatively, precipitation, distillation/sublimation or
liquid-liquid extraction can be applied during a first bulk separation step. However, this may
result in problems with reproducibility and automation of the process. Another important factor
is the product recovery and, preferably, direct product transfer from the crude separation to fine
purification is preferred to minimize time and product losses. At the end of the bulk separation
stage, the mass ratio of target to product material will still be in the order of 10*-10°.

4.3.2. Fine purification and preconditioning

The fine purification step is aiming to provide additional reduction of target mass in order to be
suitable for radiopharmaceutical applications. Fine purification can be also combined with
preconditioning of the final sample for radiolabelling and synthesis of radiopharmaceuticals.
Final purification based on ion exchange or solid phase extraction chromatography is most
efficient and suitable due to the possibility to achieve the highest separation factors and
minimizing losses compared with other separation methods (e.g., precipitation, liquid—liquid
extraction etc.). In the case of fine purification, there is usually no preference between sorption
of target or product, because the difference in mass is not as significant as during the bulk
separation step. However, sorption of the product may help to combine fine purification with
pre-conditioning. Additional pre-conditioning steps may be applied to transfer the final product
into a solution compatible (in terms of acidity, buffer etc.) with pharmaceutical synthesis (e.g.,
peptides, antibodies etc.). Column based separation procedures are preferred for compatibility
with automation since it enables the use of a cartridge-based disposable setups required in
radiopharmaceutical synthesis and clinical standards.

The radiochemical concepts and strategies given above can be used as a general guidance.
Nevertheless, production of medical radionuclides via photonuclear reactions and their
purification strategies are all unique in their own way and cannot be summarized with just one
general approach. For example, material availability and handling peculiarities make it
challenging to work with *?°Ra resulting in significant impact on target design. The cost of
enriched *®Ti of hundreds of grams can be unacceptably high. Yet, acceptable radionuclidic
purity of ¥’Sc can be achieved in the production via (y, n) reactions on "Ca. Therefore, each
specific case in the production of medical radionuclides via photonuclear reactions needs to be
treated individually and all details need to be considered.

To realize the full potential of photonuclear isotope production and to utilize most of the
generated photons on the target, taking into account the challenges with obtaining large
quantities of enriched isotopes, the possibility of irradiating multiple target stacks to maximize
production efficiency becomes an attractive option to pursue in future.

4.4. SPECIFIC EXAMPLES

Most of the medical radioisotopes produced by the photonuclear process will be via the (y, n)
reaction followed by either 3~ or positron decay to an isotope of a different Z value or via (y, p)
reactions. These will have many of the features of reactor produced isotopes that use the (n, p)
reaction to produce a product of a different Z value than the target. The (n, p) reactions have a
low cross-section, comparable to or lower than the (y, p) reactions and the flux of high energy
neutrons will generally be similar to the flux of bremsstrahlung photons so the irradiated
product will have similar characteristics. Reference [270] is an IAEA TECDOC on reactor
produced radioisotopes that includes both irradiation conditions and the radiochemistry used to
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separate the product. Nearly 70% of the radioisotopes listed in Table 1 in Section 2 of this
publication that have a different final Z value than the target nucleus, have also been produced
via reactor based reactions, including *’Sc and ®’Cu. Reference [270] contains one or several
processing procedures for each of the isotopes listed. That document and the included
references could be a useful starting point to help to establish separation procedures for many
of the listed radioisotopes in Table 1. There have also been significant efforts to establish
procedures for three of the radioisotopes featured in this publication.

The four isotopes featured in this document are at differing stages of development. **Mo has a
well developed marketing and distribution scheme based on a fission produced, high specific
activity product. The *Mo/**™Tc¢ generators in use are compact and convenient. New sources
of Mo produced by the photonuclear reaction need to include as much convenience as possible
in the shipping and separation technology to gain acceptance in that market. Both *’Sc and *’Cu
are isotopes with significant therapeutic potential with only limited supply. Cyclotron
production utilizes the (p, 2p) reaction with low cross sections (10-20 mb) on the same target
material as used for photonuclear production [270] and requires proton energies of 40—70 MeV
what is above most medical cyclotrons can deliver. Photonuclear technology can increase the
supply of #’Sc and *’Cu with high radioisotopic purity and become an independent supply pillar.
225 Ac has been available in limited quantity from several 2>*Th sources but this route is not able
to provide an 2*Ac supply required for clinical trials. Most other methods to produce larger
quantities require the use of radium as a target or high energy (= 100 MeV) proton accelerators.
Photonuclear production could become one of the preferred routes [191] since it may deliver
225 Ac of high radiopurity due to indirect formation from 2*Ra having a half-life of 14.9 days.
The long half-life enables transportation of the irradiated target to a central processing location
where 22°Ac is distributed to the users after repeated milking operations.

4.4.1. Separation of *™T¢ from **Mo

Photonuclear production of ®Mo is the most advanced technology for the potential production
of relevant quantities of radioisotopes with electron accelerators. Section 3 provides an
overview of facility design, target technology and important developments related to target
handling and transport. The irradiated product is Low Specific Activity (LSA) **Mo of 50-300
GBg/g, while it is approximately 40 TBq/g for High Specific Activity (HSA) Mo obtained
from fission. LSA Mo produced by neutron irradiation of **Mo was used for a number of
years before the fission based supply became available. This required different separation
techniques compared to generators that are in use nowadays. After several periods of significant
shortages of the standard generator kits in the period from 2007 until 2010, interest was revived
in these separation technologies. Dash [272] examined the various options in a detailed report
with many references. Some of the important properties of a generator for LSA *’Mo noted by
Dash were:

— The physical or chemical techniques used should have high throughput capabilities;

— The separation process should be rapid to reduce the decay losses of **™Tc;

— The yield of *™Tc should be high;

— Human intervention should be minimal;

— Radioactive concentration of the **™Tc¢ should be adequate to use with current kits;

— 9MT¢ should be obtained in a ready to use form, preferably in 0.9% NaCl and
compatible with the existing freeze dried Kkits.

Table 1 in Dash [272] listed nine separate methods to separate ™Tc from *’Mo, including
physical routes such as sublimation, chemical routes such as solvent extraction using methyl
ethyl ketone (MEK) and various column chromatography methods. Some of the processes are
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not easily automated while a few have already been automated for routine use. Column
chromatography using ALO;3 applied for HSA separation of *™Tc from *’Mo is not practical
for LSA material because of the low capacity to absorb molybdenum. A technique where ™ Tc
is adsorbed on the column and the molybdenum is rinsed from it has been developed as one of
the more successful approaches. Dash [5] refers to this as the multicolumn selectivity inversion
generator in which Mo is stored in solution and passed through a chromatographic column
(primary separation column, PSC) specific for *™Tc wherein **™Tc is selectively retained,
stripped, and passed through a second guard column that retains any Mo or other *™Tc
interfering ions. **™Tc is then recovered in a small volume of eluate (0.9% NaCl) solution.
NorthStar has developed this into an automated separation system called the RadioGenix™
technetium generator [273]. The process uses an ABEC (aqueous biphasic extraction
chromatography) column for the primary separation and has been approved for nuclear
pharmacy use by the U.S. Food and Drug Administration.

Jang et al. presented a similar approach using an activated carbon column to capture **™Tc
[274]. They have developed a system called the Technetium Master Milker, TcMM, as an
automated system based on this column. Wojdowska et al. [275] has reported on experiments
with three different column materials that could be used to produce an automated separation
device based on this approach.

The other method for which automated extraction modules have been developed is solvent
extraction based on MEK. Martini et al. [276, 277] described the work to produce an automated
module to separate *™Tc from '’Mo after proton irradiation. This technology is equally
applicable to photonuclear produced *’Mo. Mang’era et al. described an automated MEK unit
for extraction of *™Tc¢ from LSA *’Mo produced by photon irradiation of '*°Mo [278].

There are a number of methods to separate LSA **Mo from *™T¢ and some have already been
developed into automated processes. The basic features of the transfer of the irradiated product
will be different. Fission based *Mo is transferred and stored on the shielded chromatographic
column while it is possible that the LSA Mo will be distributed in liquid form within an
inverse generator.

4.4.2. Separation of #’Sc

#7Sc is a B~ emitter with a half-life of 3.35 days which can be used for targeted radionuclide
therapy. There is currently no clinical study ongoing, but it represents very high potential for
the theranostic concept with its imaging analogue: **Sc (712 = 3.97 h) and **Sc (712 = 3.89
hours) for Positron Emission Tomography (PET). Yagi et al. presented experimental
measurements of *’Sc production yields from enriched **TiO, targets including methods to
separate *’Sc from the titanium target [279].

The production of #’Sc using photons represents one of the most efficient ways to produce this
valuable radionuclide for therapy. For Ca as target material, there are two viable pathways that
can be pursued to produce *’Sc; either by using photons via *Ca(y, n)*’Ca(p’)*’Sc or using
neutrons via **Ca(n, y)*’Ca(B")*’Sc. In either case, a separation of *’Sc after ingrowth from the
decay of #’Ca is required. In both cases a highly enriched Ca target is required, favouring the
use of **Ca due to its higher natural abundance (**Ca - 0.187% versus *°Ca - 0.004%). It is
needless to say that target recovery has to be performed to the best possible extent for further
production cycles. Radiochemical Ca/Sc separations were reported by several groups [280-282]
for processing proton irradiated Ca targets in **Sc production runs. The proposed separation
strategies are based on solid phase extraction using DGA or UTEVA resins with additional
cation exchange purification and precondition. A similar separation principle based on a tandem
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of DGA and cation exchange columns for *’Sc extraction from neutron irradiated *°Ca was
reported by Domnanich et al. [283]

Yet another production pathway is “*Ti(y, p)*’Sc. In this case, n.c.a. *’Sc is produced directly
from “*Ti (natural abundance 73.72%) via the (y, p) reaction. Several publications on
purification techniques for fast neutron irradiated targets utilized separation concepts similar to
the ones described above. Works of Kolsky et al., Bartos et al. and Loveless S. et al. [54, 264,
284] applied a combination of cation and anion exchange columns separating *’Sc produced by
(n,p) reactions on titanium. Kolsky [262] showed that *’Sc separation from a metallic titanium
target was less challenging than that from TiO». As noted in Section 3.3.6.3, metallic titanium
would be the preferred choice as target for photonuclear production of *’Sc since it withstands
radiolytic cooling water attack during irradiation and has much better thermal performance
compared to TiO2 imperative at high power levels.

4.4.3. Separation of ’Cu

Scientific literature has shown that °’Cu can be separated from a zinc target by chemical [285]
and thermal techniques [72]. As already described in Section 3.3.6.2, ANL performs ¢’Cu
extraction using sublimation of the metallic %Zn target. This strategy comes with the advantage
of removing the majority of the target material without changing its chemical state, significantly
simplifying target recycling. The second separation step involves chemical dissolution of the
sublimation residue containing ®’Cu. While sublimation is an efficient way to perform the
required task, there have been several other methods reported on the extraction of ¢’Cu from a
zinc target including procedures to recover the target material [75, 255, 286]. Most of these
were developed for ’Cu separations from fast neutron irradiated ¢’Zn and the separation
procedures remain identical.

4.4.4. Separation of 22°Ac

Previously reported publications describing the separation of 2>Ac from 2*Ra were based on
the (p, 2n) reaction in a cyclotron. The advantage of photonuclear production over the one using
protons is that ??*Ac is not produced directly, requiring multiple separations at different time
intervals after 2>>Ac accumulation from 22°Ra decay. This approach greatly improves the 22°Ac
radioisotopic purity especially with regard to the content of 2>’ Ac. The radiochemical separation
is based on cation exchange [160] or a combination of solid phase extractants using Ln/DGA
and Sr resins as reported in [287]. It is necessary to note that most recent reports describe 22°Ac
purification from relatively small masses of radium (pg to mg amounts) and for larger targets
in the gram scale similar separation conditions may not be applicable in terms of columns
capacities and process design.

4.4.5. Multiples recycle and buildup problems

The recycling of enriched target material after irradiation strongly depends on economic aspects
of the radioisotope production cycle. While not common in practice, the recovery of enriched
material might become increasingly important in the future considering the amount of material
in use and its commercial value. This is an important consideration for photonuclear targets
because they will typically be significantly larger than cyclotron targets. It is recommended to
evaluate possible recovery strategies early for the enriched element in use and to develop a
sustainable target material cycle from one production run to the next. Several aspects of that
cycle have to be considered:

— Isotopic dilution and ingress of impurities from chemical processing;
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During chemical or physical post-irradiation treatment the target material will come into contact
with various chemicals and solid material that might possibly reduce the isotopic purity of the
target material. High purity reagents and thoroughly cleaned surfaces of vessels in contact with
the target material are to be used to minimize the effect. As an example, activities with '°’Mo
require the use of Mo free steels to avoid possible isotopic dilution of the target material by
natural molybdenum. Operations with enriched ®*Zn would, for example, require the use of
powder free gloves, non-galvanized metals etc.

— Activation of target material by long lived isotopes of the same element;

Photon irradiation is inducing (y, n) reactions on all isotopes present in the target material. Even
with the highest enrichment grade, activation of the starting material by a long lived isotope of
the same element is sometimes unavoidable. This fact invokes that the target material has to be
treated as a radioactive substance after irradiation even if the separation from all other radio-
elements is quantitative. Photonuclear production of %°Zn (712 = 244 d) from (y, n) reactions on
residual %®Zn will become a concern in the continuous production of ’Cu from recycled
enriched ®®Zn. Decay storage is an optional choice in some cases to circumvent that problem,
but it will ultimately depend on the envisioned irradiation periodicity and half-life of the
involved isotope.

— Material burnup due to nuclear transformation during irradiation;

Opposite to irradiation by thermal neutrons, photon irradiation induced (y, n) and (y, p)
reactions on isotopes of the target element will shift the isotopic composition towards lower
neutron numbers and result in target element depletion. Although only relevant for prolonged
high power irradiations, this effect will require the addition of fresh material in order to
compensate for burnup losses.

The above mentioned considerations do not take into account losses during material recovery
and the incomplete separation from other radio-contaminants. Impurities that have similar
chemical behaviour as the target element require special attention. For example, any W impurity
in a '"Mo target will result in the formation of radioactive Re, W and Ta isotopes upon
irradiation. Measures as suggested above need to be undertaken in order to avoid interference
from these impurities.

In summary, it is favourable to keep the target material as chemically and isotopically clean as
possible. ICP-MS and/or ICP-AES analysis of the recovered enriched target material is strongly
recommended for checks on isotopic composition, eventual metal impurities and quality
control.

51



5. CONCLUSION

The photonuclear reaction method is becoming an emerging technology in the field of medical
radioisotope production. This publication provides a general overview of the technology with
greater details on four specific radioisotopes, Mo, *’Sc, ®’Cu, and *>*Ac. Mo production has
been under development for almost two decades and valuable operational experience was
gained including production yields and target behaviour. NorthStar is building a new production
facility that will eventually have eight high power electron accelerators for large scale
production of *Mo. However, the technology can be used for a smaller scale market. A facility
with a single 40 MeV electron accelerator capable of at least 40 kW can be used to produce in
the order of 1500-2500 GBq Mo from 12 grams of an enriched isotope target and 5 days
irradiation at 25 kW. Processing and shipping time can be reduced to one to two days, reducing
the decay losses between EOB and use. This is a clear advantage compared to fission based
%Mo that typically requires six or more processing days. It is likely that a simplified water
cooled system can be developed using hermetically encapsulated targets to avoid the
technologically challenging development of a gas cooled system, such as being used by
NorthStar.

7Cu production is nearing both the quantity and radiopurity levels required to expand the use
to larger clinical trials of the product. The radiopurity of the product appears to be as good as
or better than other production modes. Typical treatments require from 4-10 GBq and
production of up to 74 GBq per few days' irradiation is reported in Section 3.3.6. If the clinical
trials prove the value of this isotope, then it may become necessary to build regional facilities
dedicated to the production of ®’Cu and develop techniques to produce higher yields per
irradiation.

It would be valuable if some research linacs could perform careful measurement of the (y, p)
cross-sections for ®Zn and **Ti and of the (y, n) cross-section for 2*°Ra. This would assist

development of economic models for the production of three important medical radioisotopes,
7Cu, ’Sc and ?*’Ac.

#7Sc has also been identified as a good candidate for therapeutic use. There is the potential to
produce significantly higher product yields per irradiation in the **Ti(y, pn)**Sc reaction than
that can be produced for the ®Zn(y, p)®’Cu reaction, because its photonuclear cross-section is
about twice that for °’Cu production. Additionally, titanium metal targets can potentially be
used at high electron beam power with direct water cooling. The competition from the “*Ti(y,
pn)**Sc reaction needs further investigation to identify the preferred irradiation energy that
offers the best compromise between #’Sc yield and interference from “*Sc.

Photonuclear production of 2°Ra, decaying to >>Ac, appears to be a preferred approach for the
production of 10’s to 100°s of GBq of ?**Ac on a weekly basis. This is the least developed of
the technologies that have been covered in this document, but the strong interest in 2*>Ac for
TAT should lead to increased R&D in this technology. The handling of GBq levels of a radium
target is challenging and will likely require support from national laboratories having the
required licensing, Highly Qualified Personnel (HQP), and supporting facilities such as
specialized hot cells, that may not be available at most other settings. However, the long half-
life of 2>°Ra (14.9 d), decaying to ***Ac (10 d) renders it possible to have the irradiation done
at an accelerator facility and the irradiated target shipped to a laboratory with the required
expertise. The long half-life of 2Ac enables shipping of the product to many locations from a
single processor. The per patient requirements for TAT’s are much lower than the requirement
for B~ emitting therapeutics, so 10’s to 100’s of GBq per week can service a large number of
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patients and a single dedicated facility of about 20 kW and using 1 gr of target material should
satisfy numerous clinical trials and early stage adaption in larger scale use.

Table 1 showed numerous other reactions that can lead to n.c.a. medical radioisotopes.
Presently, little development of any of these is ongoing, but there are several that could be of
significant interest. *Ga with a half-life of 68 min, decays by B* (89%) and is suitable for PET
imaging. There are several methods of producing *Ga, including a generator that starts with
%8Ge with a half-life of 271 days. *®Ge can be produced using the (y, 2n) reaction on either an
enriched isotope target of "°Ge (isotopic abundance of 20.8%) or using natural germanium. All
of the other products using a natural Ge target have much shorter half-life, except "'Ge with a
half-life of 11.4 d. It decays via electron capture with no gamma emission to a stable product
and would be removed during the separation of the %*Ga. A large (50—100 g) natural germanium
target could be installed immediately downstream of the primary isotope production target,
using its own cooling system. It would be irradiated by the substantial flux of bremsstrahlung
that passes through the primary target and could be left in place for many months of irradiating
the primary target (could be, e.g., either ®*Zn or **Ti). Such an arrangement should produce
around 20-50 GBq of %®Ge that could be used as a *®Ga generator for many months after
irradiation. Direct irradiation of a smaller but isotopically enriched target could produce
significantly higher yields in a shorter time. Both options are worth pursuing.

1231 and %I produced by (y, n) irradiation of gas targets of '**Xe or '2°Xe are also interesting
possibilities. These xenon isotopes make up only a small fraction of natural xenon but have
been produced in gram quantities for use in the production of '?°I in reactor irradiations. '%°I is
a good SPECT isotope with a short half-life of 13.2 h and it decays by electron capture with the
production of one dominant 158 keV (83%) gamma ray. A gas cell, 10 cm long, containing one
gram in 50 cm® of target volume would be equivalent to 0.02 g/cm® x 10 cm = 0.2 g/cm? or 0.04
radiation lengths. A rough calculation of the yield of '**Xe is 50 GBq/kW for 1 h irradiation
for a one radiation length target times 0.04 = 2.0 GBq/kW/h. This target thickness would absorb
very little power from the beam so 10 to 20 kW of electron beam power could be used, leading
to a yield as high as 40 GBq/h of '**Xe.

The reaction is a two stage process, with the first stage producing '*Xe (!**Xe(y, n) '**Xe), with
a half-life of 2.0 h. After an irradiation of two to six hours, the gas could be transferred to a
receiving cell, to decay for a similar time to '?’I. After sufficient '2°I ingrowth, xenon gas could
be transferred back to the target cell and the receiving vessel would contain up to 5 GBq of %’
with little contamination. This is the same process used to produce %I by neutron irradiation
of 2*Xe. %I could be produced in the same manner with different times of irradiation and
decay.

The cost of an electron accelerator should be comparable or somewhat higher than the cost of
the modern high power, medium energy cyclotrons and the facility cost is expected to be
similar. More shielding is required but that will be typically added as a high density shield
surrounding the target area and the concrete shielding will be of comparable thickness. Some
electron accelerators can produce multiple beams by splitting the beam with a fast pulsed
magnet on a pulse by pulse basis. This would enable delivery to multiple target areas to produce
several different isotopes or to multiple production lines of a single isotope. Electron
accelerators have a history of highly stable operation with little maintenance required, based on
the experience of the low energy accelerators used for numerous industrial applications in 24
h, 7 days per week operation.

Since this technology is still in the early stages of development, there is a serious shortage of
HQP’s needed to design new facilities and to operate them. There is a need to build at least one
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facility for R&D on the technology, likely at a national laboratory, that could be used to develop
the production of new isotopes and also become a source for training new HQP’s. Both reactor
and cyclotron based production of medical radioisotopes are mature fields and even there the
development of new pathways requires a lot of effort. The photonuclear production of medical
radioisotopes is an evolving field with the potential to provide useful quantities of the isotopes
identified often with higher specific activity than can be achieved by either of the other
processes. National and international support are a prerequisite to establish photonuclear
production technology as a third pillar of medical isotope supply in the coming decades.
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ABEC Aqueous Biphasic Extraction Chromatography

ANL Argonne National Laboratory

CLS Inc.  Canadian Light Source Incorporated
DGA Diglycolamine

EOB End of bombardment

FWHM Full Width Half Maximum

GDR Giant Dipole Resonance

GMP Good manufacturing practice

HAS High-specific activity

HQP Highly qualified personnel

IBA Industrial Beam Applications

ICP-AES  Inductively Coupled Plasma Atomic Emission Spectrometry
ICP-MS Inductively Coupled Plasma Mass Spectrometry

KIPT National Science Center “Kharkov Institute of Physics and Technology”, Ukraine
LANL Los Alamos National Laboratories

LBE Lead-Bismuth Eutectic

LEAF Low-Energy Accelerator Facility, ANL

LEU Low Enriched Uranium

Linac Linear accelerator

LSA Low-specific-activity

LWR Light water reactor

MEK Methyl ethyl ketone

NNSA National Nuclear Security Administration

ORELA Oak Ridge Electron Linear Accelerator
ORNL Oak Ridge National Laboratory

PET Positron Emission Tomography
PSC Primary separation column

RAC Radioactive concentration

RF Radio-frequency

RIPL Reference Input Parameter Library

SAMEER Society for Applied Microwave Electronics Engineering and Research
SPECT Single Photon Emission Tomography
TAT Targeted alpha therapy
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