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Abstract

Next-Generation Isotope Production via Deuteron Breakup
by
Jonathan Morrell
Doctor of Philosophy in Engineering - Nuclear Engineering
University of California, Berkeley

Professor Lee A. Bernstein, Chair

As part of the next generation of cancer treatment, targeted alpha therapy (TAT) has
demonstrated the potential to improve patient outcomes by targeting cancer cells with highly
cytotoxic a-emitters. These are prized for their ability to efficiently kill cancer cells, while
dealing minimal damage to nearby healthy tissue. When properly paired with a positron-
emitting radionuclide, a rapid bio-assay of the therapeutic agent can be performed using
positron emission tomography (PET), enabling micro-dosimetry and personalized treatment
planning. One of the main challenges associated with these treatments is the production of
the a-emitting radionuclides in quantities which are relevant to widespread clinical use.

In this work, we seek to improve the understanding of the isotope production pathways
for 22 Ac, one promising candidate for TAT, and '**Ce, which is a positron-emitting analog of
actinium. The main pathway which we explored was through the ***Ra(n,2n) reaction, which
produces the **Ac generator isotope ***Ra. Thick target deuteron breakup was utilized as
a high intensity, variable energy neutron source for inducing this reaction.

A parameterized hybrid model for the double differential neutron spectra from thick
target deuteron breakup was developed, and the optimal parameters for the model were
determined through a fit to selected literature data. Measurements of the spectrum were
performed on a beryllium target at 33 and 40 MeV deuteron energies, using the activa-
tion and time-of-flight techniques, and these measurements were compared to the hybrid
model and literature data. Additionally, production cross sections for several other emerg-
ing radionuclides were measured using the activation technique, with the deuteron breakup
neutrons.

The **°Ra(n,2n) reaction cross section was measured with the breakup spectra from 33
and 40 MeV deuterons on beryllium, using the activation method and « spectroscopy. These
measurements were compared to the predictions of the TENDL-2015 and ENDF/B-VII.1
evaluations. A chemical separation of the produced ***Ac was performed following both



irradiations, to evaluate the separation capabilities of the DGA and AG50 cation exchange
resins, as well as to search for any co-produced impurities such as ?*’Ac or fission products.

Additionally, measurements of the **La(p,6n)'**Ce cross sections from 35-60 MeV were
performed using the stacked-foil activation technique. Thick target yield calculations showed
this to be a promising pathway for *'Ce production, which is a positron-emitting chemical
analog to **’Ac. Several other *'La(p,x) reaction channels were also measured, which are
useful for quantifying impurities and for evaluating nuclear reaction models. These mea-
surements were compared to the predictions of the TALYS, EMPIRE and ALICE nuclear
reaction codes, which showed that the default pre-equilibrium models were insufficient, pro-
viding motivation for further study of these processes.

Finally, a comparison study was performed between several of the most promising ***Ac
production routes. The ***Th(p,x)?**Ac pathway showed generally good yields, but was
shown to contain significant 2 Ac, which may have negative long term side-effects, depending
on the bio-chemistry of the complexed actinium molecule. The ***Th(p,4n)*’Pa pathway
had a high purity, but poor yields. Pathways involving directly irradiating **Ra targets with
charged particles or photons were shown to have engineering issues regarding target heating,
that must be overcome if they are to be pursued further. And the ***Ra(n,2n) pathway using
secondary neutrons from deuteron breakup was shown to have high purity, and had yields
comparable to ***Th(p,x) if a radium target of 10-50 grams is used.

The primary goals of this thesis are to improve the understanding of deuteron breakup,
both through measurements and modeling, and to highlight its potential applicability for
isotope production purposes. It is the hope that this will inspire a more widespread adoption
of technology utilizing deuteron breakup as a neutron source, and will lead to an improvement
in the supply of ?*Ac available for research and clinical applications.
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Chapter 1

Introduction

INCE the first synthesis of monoclonal antibodies in 1975 and their first clinical use

in 1986, much effort has been put into combating a broad range of diseases and

conditions using this novel class of therapeutics [[I]. As of 2014, the global antibody

market was estimated at over $20 billion (USD), with over 30 monoclonal antibod-
ies authorized for clinical use by the FDA [1]. The synthetically derived molecules mimic
antibodies produced by the body’s immune system to allow targeting of specific proteins ex-
pressed by various diseases. In combination with recent advances in genetic sequencing and
computational biology, monoclonal antibody development has opened the doors to truly
personalized medicine, enabling the treatment of diseases that may have previously been
incurable, and with fewer adverse side-effects.

Unfortunately for cancer treatment, antibody therapy alone is rarely if ever curative, and
is currently quite expensive [2]. This is due to the fact that most antibody treatments are
not highly effective at killing the cancerous cells directly, but rather act by inhibiting their
growth or preventing them from spreading [3]. This is changed dramatically, however, by
binding the monoclonal antibody to a highly cytotoxic alpha-emitting radionuclide, which
is much more effective at cell killing. This class of treatment is called targeted alpha ther-
apy (TAT), which has demonstrated the potential for complete remission of even advanced,
metastatic cancers [4]. Alpha-emitting radionuclides in particular are preferred over other
(B/~-emitting) radionuclides for therapeutic applications, because of their high linear energy
transfer (LET) and short range. If properly targeted, TAT isotopes will do great damage to
cancer cells within their ~ 50 pm range, and spare the surrounding healthy tissue.

Another key component of targeted radionuclide therapy is the ability to image the
progression or remission of a disease, as treatment is successively applied. Again taking
advantage of the targeting capability of monoclonal antibodies, ST-emitting isotopes can be
delivered to disease sites within the body and imaged with positron emission tomography
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(PET). The option to use a rapid-assay technique such as targeted-PET could, for example,
allow a clinician to adjust the dosage of the therapeutic isotope based on the total mass of
disease observed in the PET scan, thus mitigating side-effects by sparing healthy tissue. Be-
cause the most promising a-emitting therapeutic isotopes do not have any positron-emitting
isotopes in their decay chain (with the singular exception of 149Tb), performing this type of
targeted-PET wherein the same antibody is used for imaging and treatment will require the
use of PET isotopes which behave as chemical analogs to the appropriate TAT isotope. For
example, the TAT isotope 2''At is a halogen, and could be used in conjunction with other
(positron-emitting) radiohalogens such as '**I or **F [5-17].

The high specificity and broad appeal of this treatment modality means that specific sets
of isotopes may need to be carefully selected for different applications. There are a wide
variety of FDA approved monoclonal antibody treatments for almost every major type of
cancer [8], many of which have the potential to be used as a targeting vector in targeted
alpha therapy. In light of this, no single TAT isotope is likely to be a “silver bullet” for
cancer treatment, and a broad portfolio of radioisotopes in high availability will certainly be
required to enable this next generation of therapy.

While the need for the availability of such isotopes is certainly clear, and will likely
increase significantly in the future, the supply for therapeutic a-emitters is mostly limited
to small doses for the purposes of clinical trials and R&D [9]. There are many challenges
associated with producing a-emitters. There is the product itself, which is generally quite
dangerous to handle. Virtually all a-emitters have atomic number greater than Z = 83
(bismuth), which makes finding a suitable production target challenging as there are no
stable elements higher than bismuth. If thorium or uranium are chosen as targets, the effects
of fission have to be considered, both in terms of radiopurity and safety. Some production
pathways may require the use of exotic or high-energy beams, requiring specialized, expensive
accelerators. In addition to the production challenges, the lack of stable isotopes makes
separation and purification difficult, as the chemistry of these heavy elements may not be
well understood, requiring further research.

Bearing these challenges in mind, it is the goal of this dissertation to improve the un-
derstanding of several of these production pathways. The first pathway studied was the
production of the *Ce/'"¥La system through the '*La(p,6n) reaction. This system is a
potential in vivo positron generator, that can act as a chemical analog to the TAT isotopes
225 Ac and **"Th. The next was the production of the therapeutic isotope **Ac through the
(n,2n) reaction on ?*Ra, using a thick-target deuteron breakup neutron source. This elicited
further study of other radionuclides that could be produced via deuteron breakup, such as
0467Cy and ***"Sc. Finally, the **°Ra(n,2n) pathway for ***Ac production was compared
to several other pathways currently under development. It is the hope that this work will
improve upon the nuclear data essential to optimizing these pathways, and enhance the
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capabilities of isotope production centers to meet the present and future demand for this
promising new paradigm of treatment.

1.1 Motivation

Targeted alpha therapeutics have demonstrated the potential to be highly efficacious at
treating advanced, metastatic cancers, which are otherwise resistant to conventional therapy
[10]. Conventional radiation therapy, in which an external x-ray beam is focused upon the
cancer site, as well as chemotherapy, target cancer in a similar fashion. Both methods target
rapidly dividing cells, and the treatment schedule is often timed to kill cells during a specific
phase of the cycle, although some chemotherapy is considered cell-cycle nonspecific [11].
This is done to avoid the DNA repair checkpoints in the cell cycle. The drawback to these
treatment methods is that the specificity is poor, and there is a high likelihood of damaging
healthy tissue. This is particularly problematic for tissues with a cell-cycle time similar to
the cancerous cells, as these are preferentially targeted by both methods, leading to severe
side-effects.

For chemotherapy, there are many mechanisms by which cancer cells may become resis-
tant to treatment [12]. For conventional radiation therapy, there are two main limitations.
Perhaps the most obvious is that if a cancer metastasizes, an external x-ray beam simply
cannot be focused on all of the tumors. The other limitation is that x-rays have a low lin-
ear energy transfer (LET), and below extreme doses will only damage cancer cells through
single-strand breaks (SSBs) to the DNA. These can be enzymatically repaired by the cancer,
which could prevent complete remission [[12].

There are a number of advantages to targeted alpha therapy over conventional methods.
The most important, particularly for metastatic cancers, is the targeting specificity. Even if
only 1% of the targeting molecules bind to tumor cells, the overall dose to cancerous tissue
will be much greater than a treatment with no specificity, as the cancer cells only make up
such a small fraction of the total body mass. Alpha-emitting radionuclides are particularly
attractive in combination with a targeting vector because alphas are a high-LET radiation.
In the energy range relevant to nuclear medicine, alphas induce a far higher density of
ionization along a given path length than electrons or photons. One possible exception is
for Auger electrons, with energies on the order of 10 eV-10 keV. However Auger electrons
have such a short range that they must be within the cell nucleus itself to damage DNA, and
therefore require different targeting mechanisms than monoclonal antibodies, which bind to
the cell surface [13]. Fast neutrons are also generally considered densely ionizing, as they
will transfer energy (in the body) to protons through elastic scattering, which themselves
are densely ionizing. Their path length is, however, too long to be of practical use, and
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there are certainly no neutron emitting radionuclides with lifetimes compatible with targeted
therapy. Boron neutron capture therapy, where the breakup of B and '?C (formed by
neutron capture) into high-LET massive particles offers an attractive alternative, but efforts
to introduce sufficient boron doping at tumor cells have had limited success [14].

The high ionization density of alpha particles causes them to induce double-strand breaks
(DSBs) in DNA, significantly increasing the cell lethality as DSBs are much less likely to be
repaired than SSBs [15]. Figure El] gives a representative cell-survival curve, showing the
effects of LET on the cell lethality. The two most significant features differentiating the two
curves are that high-LET radiation, such as alphas, have a much higher lethality for a given
dose rate than low-LET radiation, and that the relationship is linear for high-LET radiation
and non-linear for low-LET radiation.

Low LET

Log Survival Fraction

16’

] | ]
0 4 8 12 16

Dose (Gy)

Figure 1.1: Representative cell survival curves for low and high LET radiation.

The fact that alphas are much more lethal means a smaller activity of a-emitting ra-
dionuclides are needed to kill the same proportion of cells as /v emitters. This effect is
compounded by the much smaller range of alphas, which increases the local dose rate per
decay by decreasing the volume (and mass) over which the energy is deposited. This is
advantageous from a treatment standpoint, but only if the a-emitting radionuclides can be
specifically targeted to cancerous tissue. If the specificity is poor, and particularly if the anti-
bodies have specificity for any non-cancerous cells, this may be a limitation to this treatment
method. Additionally, many candidate TAT isotopes have decay products with half-lives on
the order of hours, which are not likely to remain bound to the targeting molecule after
recoiling from the first a-decay since molecular binding energies are several orders of magni-
tude lower than typical recoil velocities for a-decay residual nuclides [5]. Depending on the
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bio-distribution of these products, this could also represent a limitation to certain a-emitting
therapies. The low activity required is, however, a significant advantage from an isotope pro-
duction perspective, as less total activity will need to be produced to treat a given number
of patients.

The linear relationship between dose and cell survival for alpha emitters is generally
beneficial for therapy. The single strand breaking mechanism of low-LET radiation means
that several techniques can be used to increase the specificity of the cell killing towards cancer
cells; techniques which will have no impact on alpha therapy. For example, timing the dose
fractionations around the mitosis phase of the cancer cell-cycles can increase selectivity, as the
low-LET radiation will not do as much damage to healthy tissue in the resting phase of the
cell cycle [15]. Combining this with hyperbaric oxygen treatment can also increase selectivity,
as the normally hypoxic cancer cells will then be more likely to have DNA damage locked in
by the increased oxygen [16]. High-LET radiation is not cell-cycle specific, as double strand
breaks are generally irreparable regardless of the stage in the cell cycle, and will therefore
not see any improvement in selectivity from these strategies. This is likely a net benefit for
cancer treatment, as many late stage cancers become resistant to such methods through gene
amplification, or by inhibiting cellular apoptosis [[12].

1.2 Promising Therapeutic a-emitters

There are a number of properties to consider when evaluating the suitability of an a-emitting
radionuclide for therapeutic applications. Foremost is that the lifetime of the a-emitter must
be short enough such that it has a high probability of decaying while it is in close proximity
to the tumor. If the lifetime is too long, the targeting molecule may be degraded or cleared
from the body before a-emission can take place. However the half-life must also be long
enough, such that it can be reasonably produced, transported to a hospital, and injected
into a patient without excessive loss of activity. This typically means that either the isotope
itself, or a parent generator isotope, has a lifetime on the order of several hours to a few
days. Because alpha decay is a tunneling phenomenon, the lifetime is exponentially related
to the inverse of the QQ-value, meaning the lifetimes of a-emitters have a wide variation. Of
the approximately 950 known a-emitting radionuclides, 66 have a half-live between 1 hour
and 30 days, only 40 of which have Z < 94 (Pu) [17].

In addition, many a-emitters are part of decay chains with multiple decay products,
which are typically a-emitters as well. This can enhance the therapeutic potential if these
decay products are short-lived, essentially compounding the dose rate to cancer cells for each
targeting molecule. However if these decay products have long lifetimes, they can potentially
cause issues for therapy. When the parent alpha decays, the nucleus will recoil with an energy
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Isotope  Half-Life Decays Availability
2Ac 9920 (3) d 4a,2 b Limited
MAt 7214 (7) h la,1EC Low (cyclotron production)
2BBi  45.61 (6) m la,2p” Limited (***Ac generator)
22Bi  60.55 (6) m la,1p” High (***Th decay)
*Ra 1143 (5) d 4,2 5" Commercially available
"Th  18.697 (7) d 5a,2 3 High (**U decay)
YW9Th 4118 (25) h  17% a, 7% BT, 76% EC Very low

Table 1.1: List of potential therapeutic a-emitting isotopes, and their properties. [19-24]

of several keV, thousands of times greater than chemical binding energies, and may be ejected
from the chelator molecule connecting it to the antibody. The long-lived decay product is
then free to move about the body, and depending on the bio-kinetics of the product element,
could lead to excess dose to healthy tissue and adverse side-effects. Some a-emitters have
[ /~-emitters in their decay chains which, while not being as efficacious as alphas, are not a
significant concern either due to the low activities typical of alpha therapy.

Two other important considerations are chemical compatibility and the potential to pro-
duce the isotope in quantities relevant to clinical use. Some TAT isotopes can be put into a
relatively simple chemical form, such as ***RaCl,, which still has some targeting specificity
without having a targeting vector, as it has a propensity to accumulate in the bone marrow
where there may be nearby metastases. However, most cancers will need to be treated by
binding the TAT isotope to a targeting vector, such as an antibody, through chemical label-
ing methods or the use of a chelating linker. Therefore, using an isotope of an element with
which targeting vectors can be successfully labeled is a requirement. It should be noted that
although developing chelators for TAT molecules is an ongoing area of research [1§], it is
quite challenging as many TAT candidates have no stable isotopes of the same element which
can be used for research purposes to establish chemistry. Furthermore, it is worth noting
that many of the most promising TAT isotopes can lead to collateral damage to healthy
cells from the decay of their daughter products, following separation from their targeting
molecule after the first decay.

The production considerations are also complex. A pathway must be chosen that pro-
duces sufficient quantities of the isotope, with an acceptable purity. There may be multiple
possible pathways for production, but depending on the target availability or facility require-
ments, some pathways may be infeasible. Some isotopes may benefit from or require the
production of generator isotopes, rather than the TAT isotope itself. There are also safety
and engineering concerns that must be accounted for. These considerations are investigated
in detail in Chapter a, for the case of **Ac production.
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Table Ell lists a number of a-emitters which have shown therapeutic potential, either
clinically or in mouse models. Of this list, ?*Ra is the only alpha-emitting isotope that has
been approved for clinical use (as ***RaCl,) [25]. Radium exhibits similar biochemistry to
calcium, concentrating in bone marrow, which will preferentially target tumors that have
metastasized there [25]. Because the cancer cells are not directly targeted, this form of
treatment is usually not considered curative, however it has been shown to significantly
extend overall survival times and improve patient quality of life [25]. ***Ra is readily available,
as it is part of the U decay chain. In secular equilibrium, natural uranium will contain
approximately 1.56 mCi of ***Ra per kilogram. A *!'Pa or 2*"Ac generator can be used to
provide a steady supply of this isotope in a clinical setting. Furthermore, the longest-lived
decay product of **’Ra, which emits 4 a-particles in its decay chain, is *"'Pb (¢, /2 =36.1 (2)
m), which has been demonstrated to not significantly migrate away from the tumor site [26].

Also part of the **U decay chain, **"Th has shown very promising preclinical results
[27]. Thorium-227 is the parent isotope of ***Ra and therefore has similarly favorable decay
properties. However unlike radium, thorium can form highly stable chelation complexes. It
is therefore able to be linked to various targeting vectors, such as the anti-CD20 antibody
rituximab [2§8], and is therefore much more efficacious than RaCl, at targeting and killing
disease. An additional advantage to using a thorium based alpha-emitter is that thorium
exhibits similar chemical behavior to the Ce!'Y oxidation state of the positron-emitting '3*Ce,
which means that '**Ce can be used to perform a rapid PET bio-assay of the complexed
*'Th during treatment [29].

212Bj ig also readily available, as it is part of the **Th decay chain, at 110 uCi /kg in
natural thorium. ***Ra, **Th or **Ra could be used as a generator for this isotope. Often
the parent isotope, 2'*Pb is complexed to a chelator for delivery to cancer cells, as it has a
half-life of 10.622 (7) h. This is advantageous because it delivers more dose per unit activity,
and has a more convenient lifetime to prepare and administer to patients. There are also
bio-chemical benefits to using ?'*Pb, as it has been shown that any *?Pb labeled peptides
which do not localize to a tumor are cleared from the body, minimizing dose to healthy
tissue [30]. Also, the recoil from the 3~ decay of 2'*Pb is only about 0.8 eV, which is low
enough such that the resultant '*Bi generally remains bound in the chelation complex [31].

211 At offers a number of advantages over some of the other candidate TAT isotopes. Its 7.2
hour half-life is long enough to be convenient to administer to patients, but also short enough
to have a high probability of damaging cancer cells. As a halogen, the chemical properties
of astatine are also advantageous, as there are a number of well-developed administration
routes [f]. The major disadvantage of ' At is that the production capacity is very limited [5].
Due to the short half-life, it must either be produced at or very close to the hospital where it’s
administered. The only viable production pathway for 2'*At is via 2**Bi(c,2n), which means
that most hospital cyclotrons, typically tuned to run low-energy protons for production
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of 8F and other PET isotopes, would not be able to produce 'At. However, the ideal
bombardment energy for this pathway is approximately 20 MeV (to avoid co-producing the
210At contaminant), so it is possible that some of these cyclotrons could be re-purposed for
2H At production in the future [5].

*2Ac as a TAT isotope has been quite successful in clinical trials against metastatic
castration-resistant prostate cancer (mCRPC), with some cases showing complete remission
[4]. In a study where 14 patients were treated with **Ac bound to the PSMA-617 peptide,
11 saw a significant (>50%) decrease in prostate-specific antigen (PSA) concentrations, 9
of whom saw significant anti-tumor activity [10]. ***Bi, one of the decay products of ***Ac,
has also shown clinical potential in treating neuroendocrine tumors [9]. The main challenge
associated with both isotopes (as *'*Bi is produced from a **°Ac generator) is the very limited
supply. However unlike #''At, **’Ac has a ~10 day half-life, such that it does not need to
be produced locally [24,82]. One of the goals of this dissertation is to evaluate the various
pathways which have been proposed to increase the global ***Ac supply.

Because alpha therapeutics are so heterogeneously distributed, micro-dosimetry of the
distribution of a-emitting radioisotopes is often considered necessary to ensure the safety
of TAT treatments. Doing this non-invasively will require a scan of some sort. Some TAT
isotopes emit low-energy y-rays in their decay, which might be compatible with single-photon
emission computed tomography (SPECT). However, the photon emission rates for TAT
treatments is likely too low to be used in such scans. Typical TAT treatment activities are
in the 100 pCi range, whereas SPECT scans usually require 10-30 mCi of activity [33].

Instead, a preferred approach is to use a ST -emitting isotope which can be chelated to the
same bio-marker, and perform a positron emission tomography (PET) scan. In this disserta-
tion, we will present measurements for the '*La(p,6n) production pathway for 131Ce, which
is a positron emitting analog of **Ac. The TAT isotope **Tb, however, may not require
the production of a separate positron-emitting isotope to perform this scan. *Tb decays
through a 17% « branch as well as a 7% positron branch, meaning it could simultaneously
provide therapy and the means to perform a rapid bio-assay of the therapeutic isotope. This
could significantly aid in performing better treatment. While *Tb has shown potential
for high-quality PET diagnostics in mouse models [34], it is unclear if the level of activity
required for PET would induce adverse cytotoxicity.

1.3 Potential **° Ac Production Pathways

The global supply of ***Ac, which is currently based on a fixed inventory of ?*Th, is about 2
Ci per year [32]. When treating mCRPC, there is neither a well-established activity require-
ment per treatment cycle, nor is there an established number of required cycles. However
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Pathway Comments

2337 /229Th generator | Fixed supply (350 mCi globally) too limited for commercial use.
#32Th(p,x)**°Ac High yields, but small (0.1-0.2%) **"Ac impurity. Significant fission.
"] (p,x) ** Ac Lower yields than ***Th pathway, same drawbacks.

*0Ra(p,2n)** Ac Highest yield per unit beam power, but **Ra target handling and
cooling extremely challenging.

#32Th(p,4n)**’Pa Creates long lived #*Th generator, but very low ***Ac yields com-

pared to other pathways.

*Ra(v,n)**’Ra Very high purity **Ac, target handling and cooling still an issue (but

less so than (p,2n)).

*6Ra(n,2n)***Ra | Higher cross-section than (v,n). Target handling still challenging, but

no cooling required.

228Ra(n,’y)229Ra Good pathway for ??Th generator production, but very little ***Ra
target material available.

Table 1.2: Potential production pathways for **>Ac.

based on pre-clinical studies [[10], this could be estimated at 200 pCi per treatment cycle,
and 4 cycles. At the current supply levels, this means that globally only 2,500 patients could
receive treatment each year. If 2°Ac becomes an established treatment method for nCRPC,
the ?*Ac supply level will need to be increased significantly. In the United States alone,
over 34,000 men die from prostate cancer each year [35]. Additionally, if ***Ac or its decay
product ?'?Bi are found to aid in the treatment of other cancers, the supply will need to
increase even further.

The current supply of **Th (¢, = 7932 (28) y), which is the source of the ***Ac used
in human studies so far, originates from ***U (t;/» = 1.592 x 10° (2) y) that was produced
many decades ago [32], and has therefore had time to decay into **Th. While this means
that the supply of ?*°Th is slowly increasing, it is nowhere near enough to meet the expected
demands for ***Ac in the near future. While more ***U could be produced through the
232Th(n,fy) pathway in a reactor, this would still require a long in-growth period, and is
undesirable as producing the fissile 2**U isotope has associated weapon proliferation risks.

Instead, most of the focus of actinium production has been on accelerator based path-
ways. One pathway that has been very well characterized is via the 232Th(p,><)225A(: reaction,
sometimes referred to as spallation [36]. While the cross section for this reaction is modest,
ranging from about 5-15 mb for energies above 50 MeV, the high proton energies typically
used for this route enable the use of very thick targets. For a 200 MeV proton beam, the
range in thorium metal is about 4.6 cm. As a result, the ***Ac yields for this route are quite
high.
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Unfortunately, the yield of the contaminant isotope ?*Ac is also quite high; the atom
ratio of produced ***Ac/*"Ac is about 3:2. Because of the extremely long half-life of *"Ac
(21.772 (3) y), this corresponds to a radioisotopic purity of about 99.95% [37]. Through
the entire decay sequence of **’Ac, 5 o and 3 3~ particles are emitted, which could cause
long-term adverse side-effects. Whether this is a significant issue mainly depends on the bio-
stability of the chelating molecule and targeting vector [38]. While free actinium is retained
by the body, chelated actinium, with and without the targeting molecule, are excreted, albeit
at different rates [38]. Further studies still need to be performed about the long-term effects
of this contaminant isotope. Additionally, the **Ac/*"Ac ratio will decrease with decay
time, which may complicate clinical use as not all patients will receive ***Ac of the same
radiopurity.

Another currently pursued pathway is through the (p,2n) reaction on *°Ra [39]. While
this target is very challenging to work with in large quantities, as it is highly radioactive due
to its half-life of 1600 years, it is the closest target in mass to **’Ac that can be acquired
in quantities of several grams. *?°Ra is part of the #**U decay chain, and can be found in
concentrations of 0.35 parts per million within natural uranium ores. There is also a large
surplus of radium from used brachytherapy needles, that could be reprocessed for use as
target material [40].

The **Ra(p,2n) reaction has a relatively large cross section, peaking above 600 mb
at 15 MeV. This pathway is relatively free of contaminants, as both the nearby products
*Ac (t12 = 2.78 (17) h) and **°Ac (12 = 29.37 (12) h) are short-lived relative to ***Ac
(t1/2 = 9.920 (3) d). The major limitation of this approach is that most chemical forms of
radium have poor thermal conductivity, which means the maximum proton beam current
which could be safely dissipated in a radium target is likely quite low. Radium metal is
highly reactive in air, and is not suitable [41]. Radium salts such as RaCly or Ra(NO3), will
have very poor thermal conductivity, although that could be somewhat offset by using a filler
gas such as helium in the target. Even when dissolved in water, the thermal conductivity
of these salts is still limiting, and this will significantly reduce the **Ac yield due to the
decreased **°Ra concentration. Radium could potentially be smelted into a hexaborane
ceramic (RaBg), as hexaboranes tend to have very high thermal conductivities and melting
points [42]. However this has yet to be demonstrated, and would likely be afflicted by radon
gas production from **°Ra decay.

Another approach to actinium production would be to make the long-lived **Th gen-
erator through the ***Th(p,4n) reaction. While the net production of ***Ac through this
pathway would be relatively low, it has the advantage of creating a high purity ***Ac supply
that is independent of accelerator production schedules. Because *?*Ac has a half-life of 9.9
days, and the treatment cycles will likely span multiple months, a lapse in ?**Ac supply from
an accelerator shutdown would be very disruptive to treatments. Therefore a resilient supply
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is quite attractive, especially if used in conjunction with other pathways.

226Ra could also be used as a target material for high energy photons or neutrons, making
the ?**Ra generator through (,n) or (n,2n) reactions, respectively. While the handling of
radium targets is still a concern, the heat dissipated in the radium by (,n) is much less than
the (p,2n) pathway, and for (n,2n) there is virtually no heating. These pathways have high
radiopurity, as very little 2*"Ac is generated, and even that can be chemically separated. The
main limitation to these pathways is in finding a high-intensity, and high-energy source of
photons or neutrons. In this dissertation, deuteron breakup is explored as a potential source
for the **°Ra(n,2n) pathway.

1.4 Organization of the Dissertation

The dissertation is organized in the following way.

Chapter E describes an experiment to measure the ™’La(p,6n)'**Ce cross section in the
energy range of 35-60 MeV, using the stacked-target activation technique. **Ce is a proposed
isotope for rapid in wvivo bio-distribution assays of the chemically similar ?*’Ac and **"Th
isotopes, which are used in targeted alpha therapy. '*'La, the 6.45 (16) minute decay product
of *Ce, emits a positron in 64% of decays, which can be assayed via a PET scan. This
work is useful for optimizing the production of **Ce in thick target irradiations. In addition,
multiple other exit channels were measured, which were used for a basic comparison of
pre-equilibrium modeling codes.

Chapter B describes measurements of the neutron spectra from thick target deuteron
breakup, at 33 and 40 MeV incident deuteron energies, as well as proposing a parameterized
hybrid model of deuteron breakup. One of the goals of this dissertation is to evaluate the use
of deuteron breakup as a neutron source for isotope production, with an emphasis on ***Ac
production, and having an accurate model of the neutron source spectrum is essential for
this purpose. As the available literature data on deuteron breakup are somewhat limited and
inconsistent, measuring the breakup spectrum served to enhance confidence in this model
over the application range considered.

Chapter @ describes measurements of the 226Ra(n,2n) cross section using a thick target
deuteron breakup neutron source. The measurements were performed at 33 and 40 MeV
incident deuteron energies on a beryllium target. The production rate of **’Ra was quantified
using a-spectroscopy of the decay products 2?'Fr and 2!"At, which was then used to determine
a spectrum averaged cross section, calculated using the deuteron breakup model developed
in chapter E These measurements resolved a discrepancy between the ENDF and TENDL
evaluations for this cross section, and also served as a proof of principal that **>Ac can be
produced via this pathway in quantities relevant to therapeutic use.
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In chapter B, several pathways for ?*Ac production were evaluated in a comparison study.
The purpose of this study was not to make conclusions about a “best” pathway, but rather to
provide realistic production rate estimates based on a reference beam power, and to improve
the understanding of the systematic trends associated with each pathway. The radiopurity
of the ?*Ac product and thermal limitations were also evaluated.

Finally, in appendix @, additional details are provided on the mechanical design of the
target used for the experiment in chapter {.
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Chapter 2

Measurement of 139La(p,x) Cross
Sections from 35-60 MeV by
Stacked-Target Activation

N order to treat rapidly developing diseases like metastatic prostate cancer, targeted

alpha therapeutics require non-invasive rapid assay techniques for imaging the growth

or recession of the disease. Omne of the highest resolution imaging techniques for

doing so is positron emission tomography (PET). Due to the back-to-back annihilation
photons produced from the interaction of positrons with electrons in matter, coincidence
imaging techniques can identify a ray along which the photons must have traveled to reach
the detector. Summing many such rays can be used to provide a high-resolution image
of the PET source distribution. Combining this with photon time-of-flight techniques can
enhance this resolution even further. By labeling a bio-marker such as an antibody with a
PET radionuclide, biological processes such as cancer progression can be observed with great
detail.

Unfortunately, most a-emitting radionuclides don’t contain a positron decay branch in
any of their decay chains. Specifically, ?°Ac, the therapeutic a-emitter studied in this work,
does not emit any positrons and only emits y-rays further down the decay chain. While one
could consider performing single-photon emission tomography (SPECT) with these ~-rays,
the issue with delayed + emission is that the recoil from the initial o decay is likely to have
moved the daughter isotope away from the target site; negatively affecting the resolution
and utility of the image. Additionally, the **Ac activities relevant to clinical use are likely
too low for SPECT imaging.

Instead, we can make use of a positron-emitting isotope that acts as a chemical analog
of the radiopharmaceutical for which we wish to know the bio-distribution. For the case of
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22 Ac, the element cerium has been shown to have similar chemical behavior in its reduced
Ce' state [29]. The *'Ce/'*'La system has been chosen as an in vivo PET isotope generator,
to act as an analog to **?Ac. "*'Ce (t;/2 = 3.16(4) d) decays by electron capture to the 6.45
(16) minute '**La, which subsequently emits a 1.2 MeV positron in approximately 62% of
decays [43]. The low recoil, short half-life of the daughter, and limited ~-emissions of this
system make it an ideal candidate PET analog to **°Ac.

This chapter details a measurement of the production cross sections for **Ce through
the *La(p,6n) reaction, as well as any other radionuclides co-produced in the 35-60 MeV
proton energy range studied. This measurement was performed using the stacked-target
activation technique, with a variance minimization procedure performed to optimize the
energy assignments and beam currents associated with each foil. The results were compared
to default calculations performed with several state-of-the-art nuclear reaction codes, as a
brief exploration of the role that pre-equilibrium has in nuclear reaction modeling. These
results will be useful in determining the optimum irradiation parameters for bulk isotope
production of **Ce from thick targets.

Relevant Publications:

J.T. Morrell, A.S. Voyles, M.S. Basunia, J.C. Batchelder, E.F. Matthews, L..A. Bern-
stein, Measurement of "*’La(p,z) cross sections from 35-60 MeV by stacked-target acti-
vation. Eur. Phys. J. A. 56, 13 (2020) doi:10.1140/epja/s10050-019-00010-0

The text and figures of this paper (copyright Springer 2020), of which I was the primary
author, are included in this chapter with the permission of all authors. Some of the figures
and content in this chapter have been altered to better fit the page formatting, but all
changes made to the published journal article are purely stylistic in nature.

2.1 Abstract

A stacked-target of natural lanthanum foils (99.9119% '*La) was irradiated using a 60 MeV
proton beam at the LBNL 88-Inch Cyclotron. *"La(p,x) cross sections are reported between
35-60 MeV for nine product radionuclides. The primary motivation for this measurement was
the need to quantify the production of '*'Ce. As a positron-emitting analogue of the promis-
ing medical radionuclide **Ac, 3*Ce is desirable for in vivo applications of bio-distribution
assays for this emerging radio-pharmaceutical. The results of this measurement were com-
pared to the nuclear model codes TALYS, EMPIRE and ALICE (using default parameters),
which showed significant deviation from the measured values.
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2.2 Introduction

Proton-induced nuclear reactions in the several tens of MeV incident energy range are com-
monly used for the production of radionuclides with minimal contaminants, making them
a compelling production pathway for diagnostic and therapeutic medical radionuclides [44].
Well-characterized nuclear data for many of these reactions are scarce, yet are critical for
researchers wishing to optimize production schemes for these radionuclides [45].

In this work we measured cross sections for the 139La(p,x) reactions, with a particular
interest in the (p,6n) reaction on '*La (99.9119% n.a.) for the production of *'Ce, a
medically relevant radionuclide. In addition, the data from this experiment provide insight
into reaction mechanisms and nuclear properties, including pre-equilibrium particle emission
and nuclear level densities, making it useful for benchmarking nuclear reaction modeling
codes [15-147].

Motivation

Actinium-225 is a promising candidate for new alpha-emitting therapeutic radio-pharmaceuticals
[48]. Actinium-225 has a relatively short half-life of 9.9203 (3) days, and decays to **’Bi (sta-
ble) through the emission of 4 « and 2 5~ particles [22,24,19-51]. The short range of these «
particles is prized for sparing nearby healthy tissue while delivering a lethal dose to the site

of disease [62]. There are no long-lived products in the decay chain, with the longest activity
being the 3.2 h 2®Pb [51]. These properties make ***Ac a very compelling candidate for
targeted radionuclide therapy [48]. In developing biological targeting vectors for the delivery

of **Ac, their selectivity must be quantified using biodistribution assays [53]. The standard
for these assays is positron emission tomography (PET), which isn’t possible with ***Ac due

to the lack of positron emission in its decay chain.

Instead, **Ce has been proposed as a positron emitting analogue of ***Ac, for potential
use in rapid-throughput in vivo biodistribution assays. Cerium-134 decays with a half-life
of 3.16 (4) days, which is the closest of the fT-emitting Cerium radionuclides to the 10 day
half-life of *°Ac [24,43]. PET imaging of the '**Ce uptake is performed through the daughter
radionuclide '**La, which 3% decays with a short half-life (6.4 minutes) [43].

One proposed mechanism for the production of ***Ce is through the *La(p,6n) reaction,
using targets of natural lanthanum, which have a 99.9119% natural isotopic abundance
of La. This reaction is poorly characterized in the 3560 MeV energy region, and the
predictions of the extensively-used TALYS [b4] and EMPIRE [55] nuclear reaction modeling
codes differ by an order of magnitude. The discrepancies in predictions from these modern
codes have profound implications for the design of targets for not only the production of
134Ce, but also for the production of other radionuclides utilizing energetic proton-induced
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reactions. The objective of this paper is to report on a new set of cross section measurements
performed using the stacked-target activation technique. This information will be used to
not only quantify the production of *'Ce, but to gauge the accuracy of several different

nuclear reaction models used to predict intermediate light-ion reactions in the energy range
below 60 MeV.

2.3 Methodology

In this work we used the stacked-target activation technique, in which one can measure a
reaction cross section by quantifying the activity induced within a thin foil of known areal
density, using a beam of known intensity [56,57]. In a single irradiation, many foils can
be placed in a “stack” (along with monitor foils), yielding cross section measurements at
multiple energies by lowering the energy of the primary beam as it traverses the stack. In
this experiment “degrader” foils were also included in the stack, to further reduce the beam
energy between target foils, such that the measured cross sections fell within the 35-60 MeV
range.

Following irradiation, the end-of-bombardment (EoB) activities of the various proton-
induced reaction products were determined by counting the y-rays emitted from each foil,
using a well-calibrated high-purity germanium (HPGe) detector. The reaction cross sections
(leading to a particular product) were then calculated from the EoB activities. Many of the
produced radionuclides included decay feeding from a parent also produced in the **La(p,x)
reaction. Where this contribution was separable, we have reported independent cross sec-
tions, however in cases where the parent decay was unable to be measured we have reported
cumulative cross sections.

The proton beam current incident upon the stack was estimated using a current integrator.
However, the beam current used in the calculation of the cross section was determined more
precisely using natural copper and aluminum monitor foils for each lanthanum foil in the
stack. These foils have multiple reaction channels with well-characterized cross sections [5§].

The flux-averaged proton energy associated with each cross section was determined using
a Monte Carlo model based on the Anderson & Ziegler stopping power tables [59]. This
model was optimized to give the best energy assignments using the monitor foil activation
measurements, consistent with the technique proposed by Graves et al. in 2016 [56]. The
areal density of each foil in the stack was determined by repeated measurements of the mass
and area of each foil.
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Description of Experiment

The lanthanum foils used in this experiment were of 99% purity and were purchased from
Goodfellow Corporation (Coraopolis, PA 15108, USA). The foils were cold rolled to 25 pym
thickness, cut to 1”7 by 1”7 squares, and sealed in glass ampules with an inert cover gas (to
prevent oxidation). Just prior to the experiment these ampules were opened, and the foils
were removed and cleaned with isopropyl alcohol. The dimensions and masses of these foils
were measured, and they were sealed in 3M 5413-Series Kapton polyimide film tape — each
piece of tape consists of 43.2 um of a silicone adhesive (nominal 4.79 mg/cm?) on 25.4 ym
of a polyimide backing (nominal 3.61 mg/cm?). The copper and aluminum monitor foils
were cut from 25 pm-thick sheets into 1”7 by 1”7 squares, and were also measured and sealed
in Kapton tape. These foil packets were then secured over the hollow aperture of 2.25” by
2.25” aluminum sample holders (see fig. Ell), which protected the foils during handling and
centered them in the beam pipe. Ten sets, each consisting of a single aluminum, copper and
lanthanum foil packet, were prepared in this manner for cross section measurements at ten
different energies.

Rea” ,

Incident Beam

~ Direction
[/

b m

B ,_“M

Figure 2.1: Photo of an individual foil packet secured to the aluminum sample holder (left)
and the entire foil stack (right). The front of the stack (facing the beam) is oriented towards
the right in this photo.

Multiple plates of 6061-aluminum, also 2.25” by 2.25”, were placed in between each set
of foil packets to degrade the beam energy by a few MeV between each foil packet, allowing
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cross section measurements over a range of proton energies from 35-60 MeV. Additionally,
stainless steel plates (approximately 100 mg/cm?) were placed at the front and back of the
stack. Post-irradiation dose mapping of the activated stainless plates using radiochromic
film (Gafchromic EBT3) confirmed that the proton beam was centered on the samples, and
that the entirety of the ~1 cm-diameter primary proton beam was contained well within the
17 by 1”7 borders of the foil packets. This method is consistent with previously established
techniques [56,57].

A single ORTEC GMX Series (model GMX-50220-S) High-Purity Germanium (HPGe)
detector was used in this experiment. The detector is a nitrogen-cooled coaxial n-type HPGe
with a 0.5 mm beryllium window, and a 64.9 mm diameter, 57.8 mm long crystal. The energy
and photopeak efficiency of the HPGe detector used in this measurement were calibrated
using four standard calibration sources of known activity (rel. error <1%): *'Cs, Eu,
Mn and '**Ba. The photopeak efficiencies were also corrected for detector dead-time, as
well as self-attenuation within the foils — using photon attenuation cross sections retrieved
from the XCOM database [60].

Facility Overview

This experiment took place using a proton beam at the 88-Inch Cyclotron located at Lawrence
Berkeley National Laboratory (LBNL) in Berkeley, California [61]. The 88-Inch Cyclotron
is a variable-beam, variable-energy K=140 isochronous cyclotron, with a maximum recorded
proton energy of 60 MeV and a maximum proton beam current of approximately 20 pA.

The 88-Inch Cyclotron facility has several isolated beamlines for a multitude of applica-
tions (see fig. ) This experiment took place in Cave 0, which has a ~3 m beamline that
is shielded from any neutron radiation produced in the cyclotron vault. The target holder
for the foil stack was mounted at the end of this beamline, downstream from two bending
magnets and several focusing quadrupoles in the main cyclotron vault.

This experiment marked the first time in recent history that the 88-Inch Cyclotron had
attempted extracting a 60 MeV proton beam. Due to RF-power and beam optics limitations,
the result was extremely low transmission with only approximately 8 nA of beam current
(<0.1% transmission efficiency). A subsequent tune to Cave 0 exhibited significantly higher
transmission, suggesting that better performance can be expected in future energetic proton
runs. It was later determined by the monitor foil activation that the mean beam energy was
approximately 57 MeV, and not 60 MeV as originally desired, further indicating that the
initial tune was far from optimized for 60 MeV protons.



CHAPTER 2. MEASUREMENT OF LA (P,X) CROSS SECTIONS BY
STACKED-TARGET ACTIVATION 19

7\

]
7 Cave 0
_I eutron Beam, Chemistry,
and Isotope Production

/ Experiment
Location

Cave 4C
General Purpose
and Nuclear Structure

(TETTD

Figure 2.2: Graphical representation of the 88-Inch Cyclotron floor plan. The irradiation
described here took place in Cave 0, which is circled above in red.

Irradiation and Counting

The foils were irradiated with 8 nA of proton beam current for 1 hour, 37 minutes and 24
seconds. The total collected charge of the beam was measured using a current integrator
connected to the electrically-isolated target holder, which was used to determine that the
beam current was stable over the duration of the experiment. This measurement of the beam
current incident upon the target holder was also used to validate the beam current values
determined using the monitor foil activation.

After irradiation, the foils were removed from the beamline and transferred to the HPGe
counting lab approximately 15 minutes after EoB. Upon removal it was discovered that the
third lanthanum foil showed excessive oxidation and had ruptured its Kapton encapsulation
(prior to counting), indicating potential material loss. Therefore, in the interest of surety, no
cross sections will be reported for this foil.

The foils were counted for four weeks following EoB. Each foil was counted multiple
times, in order to reduce uncertainty and aid in isotope identification. This lengthy count-
ing duration was necessary because the 604.6 and 606.8 keV v-rays from the **Ce isotope
significantly contaminated the 604.7 keV line emanating from the **Ce daughter isotope
134a [,@] Because the '*Ce isotope has a longer half-life (3.16 days vs 17.7 hours), the
604.7 keV é—ray was able to be resolved after the "**Ce isotope had decayed to negligible

levels [@, .
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2.4 Data Analysis

The general procedure for calculating cross sections proceeded as follows. First, every
line emitted from each isotope of interest was fit in each spectrum collected. The number
of counts in each peak was used to determine the activity of the isotope at the time the
spectrum was taken. These activities as a function of “cooling” time (time since EoB) were
used to calculate the EoB activity, Ay, for that isotope. Each Ay was then used to determine
a cross section (for the lanthanum foil data) or a beam current (for the copper/aluminum foil
data). The energy assignments for each foil were determined using the variance minimization
approach proposed by Graves [b6], as discussed in sect. @ The NPAT code, developed at
UC Berkeley [63], was used for spectrum analysis, fitting decay curves, and calculating the
proton energy spectrum in each foil.

The uncertainties in the reported cross sections had five main contributions: uncertain-
ties in evaluated half-lives and gamma intensities (~1%), EoB activity determination (~1%),
detector efficiency calibration (/~3%), foil areal density (=1%) and proton current determi-
nation (~5%). Each contribution to the uncertainty was assumed to be independent and
was added in quadrature.

Peak Fitting
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Figure 2.3: A ~-ray spectrum collected from the lanthanum foil activated with approximately
56 MeV protons.

The detector energy and efficiency calibration, as well as the induced activity in each
sample, were determined by peak fitting to the individual spectra. Energy centroids and
relative intensities were constrained with some uncertainty by the decay data from ENSDF
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[17], also listed in Appendix @ Each peak was fit with a skewed Gaussian function on top
of a linear background [64]. As implemented in the NPAT code [63], the complete functional
form of the peak fit, F'(i), as a function of channel number i is as follows.

(i —p)?

52 )+ R- exp( 'u) erfc(

Foear(1) =m-i+b+ A - [exp(—

1
\/—U E)] (2.1)

M) is the (dominant) Gaussian

. . 202
component, and A - R - exp(*2£) erfC(Q’gﬁ,‘ + ﬁ ) is the “tailing” component. Typical values

of R and « are ~0.2 and ~0.9, respectively.

where m - i 4+ b is the background component, A - exp(—

The number of counts in a photopeak fit using this functional form is given by

N, = A(\/ﬁa + 2Rao exp(—2;2)> (2.2)

An example of a measured ~-ray spectrum is shown in fig. @, with photopeak fits
superimposed on the spectrum.

Determining Foil Activities

To obtain the EoB activities for each proton-induced reaction product, in each foil, we
determine the apparent activity from each photopeak that was observed and perform a fit
to the decay curve generated from the appropriate Bateman equations [65].

For a single photopeak having N, counts observed with efficiency € from a radionuclide
with decay constant A and intensity I, the apparent activity in a photopeak at some cooling
time t. after the end-of-bombardment is given by by

AN,
(1 —eMn)Le

where t,, is the measurement time. If the population of this nucleus has no contribution

Alte) = (2.3)

from the decay of a parent, the activity Ag can be determined using a fit to the equation

A(t.) = Age™e (2.4)

Eq. @ is only valid for single-step decay pathways, and several activation products in
this experiment exhibit multi-step decays. For example, **Ce decays to **La which then
decays to the stable *Ba [43]. For these two-step decay chains, the decay curve will take
the form

AD

Ap A _—
( ) PORb)\D_)\P

(e Pte — 7 ADle) 4 Ap e ADle (2.5)
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where R, is the branching-ratio, and the subscripts P and D indicate the parent and daughter
isotopes respectively. An example of a fit to this exponential decay curve is shown in fig.

This calculation of the EoB activities required a measurement of the initial parent
activity Ap,, again using a fit to Eq. @, which somewhat increased the uncertainty in
the calculation of the initial daughter activities. However, most EoB activities were still
quantified to approximately 1-3% relative uncertainty.
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Figure 2.4: Example of a decay curve and associated exponential fit used to calculate the
initial activity of the '**Ba and '***Ba isotopes in the 1% lanthanum foil. The uncertainty
in the activity was dominated by counting statistics and the evaluated half-life for most of
the observed reaction products.

Current Monitors and Energy Assignments

Using the end-of-bombardment activities Ay determined by the activation spectra and the
measured areal densities pr of each foil, we can calculate the proton beam current (in units
of protons per second) I, incident upon each monitor foil according to

= o)1 - e )

where the factor (1 — e~*%) accounts for decay during a constant production interval ¢;, and

I, (2.6)

the flux-weighted cross section & is given by

Jo  o(E)b(E)dE
Jo" Y(E)dE

o =

(2.7)
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where o(FE) comes from the TAEA-recommended cross sections [@] and ¢(F) is the energy
spectrum of the proton flux.

This treatment accounts for the fact that the beam has a finite energy width that increases
toward the back of the stack due to energy straggling of the beam. The proton flux spectrum
(E) was determined using an Anderson & Ziegler-based Monte Carlo code, as implemented
in NPAT [@,] A plot showing the flux spectra for each foil in the stack, as predicted by
the Anderson & Ziegler-based model, is shown in fig. @
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Figure 2.5: Plot of the calculated proton energy spectra for each lanthanum foil in the target
stack.

Measured currents for the three copper monitor reactions and the two aluminum reactions
are plotted in fig. @, as well as a linear fit to these values, which was used to interpolate
the beam current witnessed by the lanthanum foils. One would expect the proton beam
current to decrease as it traverses the stack as the beam reacts, scatters and diffuses out
of the path of downstream foils. However, only a very small decrease in beam current was
observed; therefore, a linear fit proved sufficient for the interpolation.

As can be seen in fig. @, the uncertainty in both aluminum monitor reactions was
exceptionally large, particularly in the 27Al(p,x)mNa reaction. This was due to corrections
for contaminating reactions in the silicone-based adhesive of the Kapton tape that sealed
the foils (**Si(p,x)**Na and Si(p,x)?*Na), as well as reactions on the aluminum frames.
These corrections were performed by measuring the activities of the *?Na and ?'Na isotopes
in the Kapton sealing the neighboring lanthanum and copper foils, and subtracting this
contribution from the aluminum foil data.
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Figure 2.6: Plot of the proton beam current measured by each of the monitor foil reaction
channels, along with a linear fit that was used to calculate the current for the lanthanum
foils. The aluminum monitor channels are plotted only to illustrate the magnitude of the

uncertainty due to contaminating reactions in the Kapton, and were not included in the final
analysis.

Secondary neutron production could have also contributed to ****Na activation. However,
the secondary neutron flux predicted by an MCNP model of the experiment was 3—4 orders of
magnitude lower than the proton flux, suggesting that it has a minor effect on the measured
monitor reaction activities [@]

To prevent systematic errors, it was decided to remove the aluminum monitor channels
from the analysis, however the (post-correction) results from these channels are still plotted
in fig. @, to illustrate the magnitude of the error induced by contaminating reactions in
the aluminum frames and silicone adhesive.
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Optimization of Energy Assignments

The flux-averaged proton energies and 1o-widths of the proton energy distributions for each
foil were first estimated using the Anderson & Ziegler formalism for proton transport (stack
design listed in Appendix B). The apparent proton current in each monitor foil was mea-
sured using the IAEA-recommended cross sections for the ™*Al(p,x)*Na, "Al(p,x)*'Na,
28Cu(p,x)%Zn, " Cu(p,x)%*Zn, and "'Cu(p,x)**Co monitor reactions [66]. Disagreement in
the apparent beam current between monitor channels was observed, particularly for the foils
on the low-energy side of the stack, which was where the energy dependence of the monitor
cross sections varied most strongly. This was indicative of incorrect characterization of the
proton energy spectra incident on each monitor foil.

To correct this discrepancy, the effective density of the 6061-aluminum degrader foils
was treated as a free parameter in the energy loss calculation, and was optimized with
respect to the reduced x? of the (linear) fit to the monitor reaction data. The minimum
value of x? yields the energy assignments which give the best agreement between the proton
current derived from the various monitor reaction channels. This “variance minimization”
technique was performed in a manner consistent with Graves (2016) and Voyles (2018) [56,57].
Afterwards, because the discrepancy was still quite large for foils in the high-energy portion
of the stack (~30%), the incident beam energy was also treated as a free parameter and
this same minimization was performed on density and incident energy simultaneously. This
resulted in a more reasonable density change of -2%, for an average incident beam energy of
57 MeV.

It should be noted that this variance minimization approach does not necessarily imply
that the degrader density was physically less or greater than was measured, but instead
serves as a correction for stopping power characterization and enhanced energy loss due
to unaccounted systematics in the original stack design. In essence, this method assigns
energy spectra to each foil which best match the shape of the apparent monitor reaction
cross sections to the shape of the TAEA-recommended charged-particle reference standards.

Fig. @ shows the results of this minimization for an incident proton energy of 57 MeV.
The reduced x? of the linear fit to the monitor foil currents (shown in fig. %) was used
to determine the optimum energy assignments, based on the Anderson & Ziegler proton
transport model, by varying the effective areal density of the 6061-aluminum degraders.

This minimization shows that the optimum energy assignments result from a -2% change
in the effective areal density of the stack. Additionally, it implies that the average incident
proton beam energy was 57 MeV, rather than the expected 60 MeV, an unexpected deviation
from the initial estimates. This discrepancy could be attributable to a number of experimen-
tal factors. This was the highest-energy proton beam in recent history at the LBNL 88-Inch
Cyclotron, and the cyclotron tuning solutions were observed to be significantly different than
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Figure 2.7: Plot of the reduced y? figure-of-merit for the current monitor data, as the effective
density of the degraders was varied.

for beams run more frequently at the facility. This is supported by the fact the transmission
out of the cyclotron was very low, about 0.1%, and that a subsequent retune of the machine
(after the irradiation) yielded a much better transmission.

This monitor foil variance minimization technique was also performed with the Monte
Carlo code MCNP [67]. This corresponded to a 15% enhancement in the degrader areal
density, which is significantly higher than comparable values in the literature [56,57]. These
results suggest a systematic issue in the low-energy charged-particle stopping power tables
used by MCNP, and that a detailed comparison between the Anderson & Ziegler and MCNP
stopping powers should be further explored in this intermediate energy range.

2.5 Results and Discussion

Using the end-of-bombardment activities, beam currents, and energy assignments determined
in the previous section, the flux-averaged cross sections were calculated with the following
equation

— AO
- L(pr)(1— e M)

The results of these cross section measurements are summarized in table @, and are

(2.8)

described in detail below.
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These results were compared to the TENDL-2017 evaluation and predictions from the
TALYS-1.9, EMPIRE-3.2 and ALICE-20 nuclear reaction modeling codes, all using default
parameters [b4, b5, 68]. The pre-equilibrium model used in the EMPIRE and ALICE cal-
culations was the Hybrid Monte-Carlo Simulation module (HMS), while the TALYS code
uses an exciton pre-equilibrium model [p4,55,68]. Many of the excitation functions had a
characteristic “compound peak” corresponding to energies between the threshold and the
opening of the next significantly populated exit channel.

These measurements were also compared to the work of Tarkanyi et al., who performed
a similar stacked target measurement on "*'La in 2017 [69]. There were some discrepancies
between the results of this work and the Tarkanyi measurements, however there wasn’t a
clear systematic bias between one set of measurements and the other. Because the largest
discrepancies were observed in channels featuring multi-step decay, it is most likely that dif-
ferences in counting schedules and multi-step decay fits were the major sources of systematic
discrepancies between the two experiments.

139La(p,6n)**Ce Cross Section

134Ce undergoes electron capture decay to the *La ground state with a 98.9% branching
ratio, with a 0.209%, 130.4 keV ~-ray being the strongest line [43]. The low-intensity and
energy of this transition led us to choose the 604.721 keV (1,=5.04%) line in the decay of
the daughter isotope *La to measure the '*La(p,6n)'*'Ce cross section. Because '*'La
has a 6.45 minute half-life, all 604.7 keV ~’s measured after several hours of decay time
were attributable only to the decay of the initial '**Ce population, regardless of the initial
population of ¥*'La.

An additional complication was that '**Ce produces multiple decay 7’s very close in
energy to the 604.7 keV line. Because of the 17.7 (3) hour half-life of '**Ce, roughly two
weeks of post-irradiation decay time were required to measure the **Ce activity without
contaminating 7 lines from '**Ce.

The measured cross sections for the production of '**Ce are plotted in fig. @ The
hybrid Monte Carlo simulation (HMS) pre-equilibrium model used by EMPIRE seems to
slightly over-estimate the centroid energy of the “compound peak” seen in the measured
data, whereas the exciton model used by TALYS underestimates the peak in the (p,6n)
channel by 5-10 MeV. ALICE also uses a HMS model, and while it accurately estimates
the centroid of the cross section it significantly overestimates the magnitude. This was not
necessarily the case for all the measured reaction channels, but a similar trend could be seen
for the (p,5n) channel as well (fig. @)
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%9,a(p,x) Production cross section (mb)

E, (MeV)
56.07 (31)  54.42 (32)  50.99 (33) 49.21 (34) 47.38 (35) 44.80 (37)
42.00 (39) 30.25 (41)  36.23 (44)
1341,
50.7 (88)  20.3 (97) 3.9 (25)  2.55 (38) ; ;
1351 ) ) )
458 (23) 474 (23) 37T (17) 332 (15) 254 (14)  123.4 (30)
20.00 (82)  2.90 (16)  0.493 (37)
137Tm (g,
79.9 (47)  89.2 (51)  95.9 (52)  112.4 (59) 1245 (75) 148.3 (46)
179.9 (52) 306 (14) 426 (14)
137gCei
23.5 (51)  26.2 (57)  27.4(68) 323 (80) 37.4 (74) 408 (78)
48.7 (96) 7T (18) 114 (30)
139Cec
189 (12)  19.1(19) 208 (17)  17.6 (16) 19.8 (17)  23.9 (11)
23.29 (78) 317 (16)  29.9 (11)
1320,
0.170 (14) 0.1114 (54) 0.0405 (57) ; . .
133mp, ) ) )
12.54 (72)  13.80 (79)  13.74 (74) 13.76 (69) 12.57 (77) 9.21 (30)
5.17 (15)  2.67 (24)  0.682 (81)
133gBai
2.82 (67)  3.1(16)  2.6(13)  50(11)  3.4(12)  3.87 (93)
1.77 (58) - -
135] .
191 (61) 176 (77) 77 (38) 77(39) 80 (57) ;
"*Cu(p,x) Production cross section (mb)
E, (MeV)
55.40 (32) 53.73 (33)  52.02 (34)  50.26 (34) 48.46 (35) 46.62 (36)
44.00 (38) 41.25 (40)  38.37 (42) 35.28 (45)
6lcuc

832 (27)  89.7(33)  93.0 (18)  101.1 (31) 110.3 (37) 120.3 (35)
142.4 (20)  164.7 (93) 1833 (72)  182.7 (44)

Table 2.1: Summary of cross sections measured in this work. Subsripts ¢ and ¢ indicate
cumulative and independant cross sections, respectively.
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Figure 2.8: Measured cross sections for the ***La(p,6n)'**Ce reaction.

This was likely attributable to differences in the pre-equilibrium models between the
codes. Because particles emitted in pre-equilibrium carry a significant amount of energy out
of the nucleus before compound nucleus formation, small differences in these models can
greatly affect which compound nucleus is formed at a given incident proton energy, shifting
the centroid energy of the “compound peak”. And while the TENDL-2017 evaluation (based
on TALYS-1.9 [54]) better matches data than the modeling codes, it still underestimates the
energy of the peak in the cross section by about 5 MeV.

139La(p,5n)'*°Ce Cross Section

The ?La(p,5n)'*Ce reaction was perhaps the most accurately quantified, due to a high
number of intense vy emissions (e.g. 41.8% for the 265.56 keV line) and a 17.7 hour half-life.
Because the **"Ce isomer (t, 12=20 s) had completely decayed by the time the foils had been
transferred to the counting lab, the reported cross sections for this reaction are cumulative.

The measured cross sections are plotted in fig. @ While TALYS and EMPIRE ap-
proximately predicted the magnitude of this cross section, the energy at which it peaks is
clearly miscalculated by the TALYS exciton model. This is not surprising given the lack of
low-lying level information available in '*Ce in the angular momentum range that would be
populated in a (p,5n) channel, with data from only a single EC-decay of '*°Pr and a pair
of (HI,xn) measurements [70-72]. It is worth noting that all three models predict similar
intensities for both the (p,6n) and (p,5n) channels, which together account for more than
15% of the total reaction cross section. Due to the strong feeding of the (p,5n) channel up
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Figure 2.9: Measured cross sections for the ***La(p,5n)'*Ce reaction.

to 65 MeV, a higher incident energy beam (at least 70 MeV) would be required to produce
134Ce for medical applications without this major contaminant.

139La(p,3n)'*™8Ce Cross Sections

The decays of both the 34.4 hour isomer and the 9.0 hour ground state in *"Ce were observed,
which allows for the measurement of the independent cross sections (i.e. the isomer to ground
state branching ratio) for this reaction.

The measured cross sections for the '*La(p,3n)*"™Ce reaction are plotted in fig. and
the *°La(p,3n)'*"Ce cross sections are plotted in fig. . In neither case is there a clear
“best fit” among the models. Production of both the isomer and ground state shows better
agreement with modeling codes than in the (p,5n) and (p,6n) reactions, and possibly an
adjustment of the level density model or spin-cutoff parameters would bring the calculations
into agreement with the data [73].

139La(p,n)'*?Ce Cross Section

Measurement of the direct reaction (p,n) was possible using the 80%, 165.85 keV ~ emission
from the *°Ce ground state decay. This is reported as a cumulative cross section measure-
ment, as the feeding from the short lived isomer **"Ce (t, /2=58 s) could not be quantified
before it had completely decayed away.
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Figure 2.10: Measured cross sections for the *La(p,3n)'*™Ce reaction.
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Figure 2.11: Measured cross sections for the '**La(p,3n)*"#Ce reaction.
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The measured cross sections for the *La(p,n)'*’Ce reaction are plotted in fig. . All
three models reproduce the shape of the excitation function, with ALICE being the most

accurate at predicting the overall magnitude.
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Figure 2.12: Measured cross sections for the '*La(p,n)'*Ce reaction.

139La(p,x)*2Cs Cross Section

Despite only producing activities on the order of 1-2 Bq, the '*La(p,x)'**Cs reaction was
measurable because its 6.48 day activity was longer lived than of most isotopes measured in
this study, and because the 97.59%, 667.71 keV ~ line was well isolated and could be counted
for multiple days. This provides an opportunity to study the ability of the models to predict
exit channels that represent a smaller component of the overall reaction cross section.

Fig. plots the measured *'La(p,x)™?Cs cross sections. EMPIRE over-predicted
this cross section by almost a factor of 100, whereas the TALYS calculation was far more
consistent with measurements, with the ALICE prediction in between the two. The signifi-
cant discrepancies seen in EMPIRE calculations are common in weakly-fed reaction channels
like this one (<0.1% of total cross section), whose behavior are extremely sensitive to more
dominant channels [74].

139La(p,x)'**™8Ba Cross Sections

Another reaction where the decays of both an isomer (J,=11/27) and the ground state
(Jr=1/2%) were observed was the "*La(p,x)'**Ba exit channel. The main challenge in this
measurement was to identify the '**Ba ground state decays, which had low activities (~
0.1 Bq) due to the 10.55 year half-life of that isotope, and due to contaminating peaks in
the spectrum for the first few weeks after the irradiation. Fortunately, the isomer has a
strong peak (17.69%) at 275.92 keV, which allowed its activity to be measured with <1%
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Figure 2.13: Measured cross sections for the "*'La(p,x)*?Cs reaction.

uncertainty. Multiple long counts enabled the identification of the '**Ba ground state and
separation of the ground state activity due to the population of the isomer. Neither *3Ce
(t1/2=97 (4) m) nor "*La (t;/,=3.912 (8) h) were observed in this work, both of which emit
strong characteristic v lines which would have been observable with the HPGe detector used
here. Therefore, the cross sections for the *'La(p,x)'**™#Ba reactions are reported in this

work as independent.
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Figure 2.14: Measured cross sections for the "*'La(p,x)'**Ba reaction.
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Fig. plots the measured ’La(p,x)'**¢Ba reaction cross sections. The relative uncer-
tainties were very large due to the long half-life (10.55 y) [75] and the weak feeding of this
channel.
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Figure 2.15: Measured cross sections for the "*"La(p,x)'**™Ba reaction.

Fig. m plots the measured cross sections for the '*La(p,x)'*™Ba reaction. This
measurement was much more precise due to the better counting statistics from the 275.925
keV line. Here again the results from EMPIRE were in better agreement with the location
of the “compound peak” as a function of energy, although none of the three codes accurately
predicted the magnitude of this relatively modest exit channel.

139La(p,x)'*’La Cross Section

The final cross section measured in the Lanthanum stack was in the "La(p,x)'*’La reac-
tion, which has relatively weak ~ emissions but was able to be identified using the 1.52%,
480.51 keV v line. The uncertainties in this measurement were ~30% because the EoB '*°La
activities were small compared to the in-feeding from *’Ce decay.

Fig. plots the measured cross sections for the *"La(p,x)'*’La reaction. The EM-
PIRE model once again predicts a larger magnitude than the other codes for this channel,
however there is not a clear “best fit” among the three codes, particularly because of the
large uncertainties in the measurements of this work.
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Figure 2.16: Measured cross sections for the "*"La(p,x)'*’La reaction.
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Figure 2.17: Measured cross sections for the "'Cu(p,x)% Cu reaction [@,@,@—@]

22tCu(p,x)® Cu Cross Section

In addition to their use in proton current determination, v spectroscopy of the copper monitor
foils provided a measurement of the "*'Cu(p,x)% Cu reaction through the observation of the
282.9 keV 7 line (12.2%) in *'Cu (t1/2=3.339 (8) h). These measurements are plotted in fig.
, in comparison with literature data retrieved from the EXFOR database [@,@,@»@]
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This measurement is consistent with literature data compiled in EXFOR, both in the shape
and magnitude of the excitation function, which builds confidence in the energy and current
assignments determined in this work as well as the overall measurement and data reduction
methodology. Because the cross sections in this experiment are measured relative to the 2017
IAEA-recommended monitor cross sections, this measurement may be particularly useful if
the "'Cu(p,x)% Cu reaction were to be included in a future evaluation, which may be unlikely
due to the potential for secondary neutron contamination in this channel.

2.6 Summary and Conclusions

In this experiment, we measured the cross sections for nine 1?"()La(p,x) reactions using a 57
MeV proton beam stacked-target irradiation at the LBNL 88-Inch Cyclotron. These measure-
ments are compared with the outputs of the TALYS, EMPIRE and ALICE nuclear reaction
modeling codes, using default parameters. In many cases, all three codes had difficulty re-
producing the magnitude of the cross sections, but TALYS consistently under-predicted the
energy of the “compound peak”, whereas the EMPIRE and ALICE predictions tended to
better reproduce the shape of the excitation functions. Better agreement with the models
was found for the more strongly-fed exit channels. This illustrates the current deficiencies
in reaction modeling of pre-equilibrium particle emission, which are highly sensitive to the
nuclear level density and spin-distribution models employed. This systematic issue will be
the subject of a forthcoming publication.

Particular emphasis was placed on the production of *'Ce, a radionuclide with applica-
tions as a positron-emitting analogue of ***Ac, a promising medical radionulcide. The results
of this study show that in order to produce significant quantities of ***Ce from the **La(p,6n)
reaction, a proton beam of higher energy would be more effective. The highest-energy proton
beam available at the LBNL 88-Inch Cyclotron (60 MeV) produces unacceptable quantities
of other long-lived cerium radionuclides, which must be avoided for biodistribution studies.
Based on the present work, we believe that a proton beam of at least 70 MeV will be required
to produce significant activities of **Ce without major contaminants.
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Relevant Nuclear Data

Isotope v Energy (keV) L, (%) T
1¥Ce - - 3.16 (4) d
La 604.721 (2) 5.04 (20)  6.45 (16) m
135Ce 265.56 (2) 41.8 (14) 17.7 (3) h
1BCe 254.29 (5) 11.1 (4) 34.4 (3) h
1378Ce 44715 (8) 1.22 (3) 9.0 (3) h
1998Ce  165.8575 (11)  79.95 (6)  137.64 (2) d
1L 480.51 (2) 1.52 (24) 19.5 (2) h
1B3mpa 275925 (7) 17.69 ( h

25)  38.93 (1)

8383, 356.0120 (7) 6205 (19) 10.551 (11)y
2) (

(

13205 667.714 ( 97.59 (9) 6.480 (6) d
1Cu  282.956 (10) 12.2 (22) 3.339 (8) h
27n 596.56 (13) 26 0(20)  9.193 (15) h
037n 669.62 (5) 2 (3) 38.47 (5) m
%Co  810.7593 (20) 99 45 (1) 70.86 (6) d
*Na 1274.537 (7 99.940 (14)  2.6018 (22)

(

(7) y
2Na  1368.626 (5)  99.9936 (15) 14.997 (12) h

Table 2.2: Principle y-ray data from ENSDF [43,62,75,82-91].
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Stack Design

Foil Id  Compound Az (mm) pAz (mg/cm?)

SS3 316 SS 0.13 100.48 + 0.46
La01 La 0.0275 14.59 £+ 0.69
Al01 Al 0.027 6.58 £ 0.02
Cu01 Cu 0.029 22.13 £ 0.07
El Al 0.254 68.53 + 5.08
La02 La 0.0278 15.55 £ 0.71
Al02 Al 0.0278 6.67 £+ 0.12
Cu02 Cu 0.0293 22.23 £ 0.44
E2 Al 0.254 68.53 £ 5.08
La03 La 0.0315 15.12 £ 0.83
Al03 Al 0.027 6.7 £ 0.03
Cu03 Cu 0.031 22.24 £+ 0.07
E3 Al 0.254 68.53 £ 5.08
La04 La 0.0288 14.95 £+ 0.66
Alo4 Al 0.027 6.68 = 0.03
Cu04 Cu 0.0317 22.49 £ 0.42
E4 Al 0.254 68.53 £ 5.08
La05 La 0.027 15.07 £ 0.65
Al0O5 Al 0.027 6.64 £ 0.01
Cu05 Cu 0.0313 22.39 £ 0.42
E5 Al 0.254 68.53 + 5.08
La06 La 0.026 14.32 £ 0.78
Al06 Al 0.0278 6.66 + 0.23
Cu06 Cu 0.031 22.22 £ 0.05
E6+ET7 Al 0.508 137.06 £ 10.16
La07 La 0.0258 14.21 + 0.29
AlO7 Al 0.0273 6.64 + 0.12
Cu07 Cu 0.031 22.4 £ 0.05
E8+E9 Al 0.508 137.06 £ 10.16
La08 La 0.0283 15.64 = 0.28
Al08 Al 0.0273 6.72 = 0.13
Cu08 Cu 0.032 22.16 £ 1.2
E10+E11 Al 0.508 137.06 £ 10.16
La09 La 0.0268 12.67 £ 0.51
Al09 Al 0.0275 6.65 + 0.14
Cu09 Cu 0.031 222 £0.72
E12+E13 Al 0.508 137.06 + 10.16
Lal0O La 0.0278 16.14 £+ 0.3
Al10 Al 0.027 6.73 £+ 0.02
Cull Cu 0.031 22.5 £ 0.05

5S4 316 SS 0.13 101.26 £ 0.79
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2.7 Additional discussion

Additional discussion of the experimental and analytical details for this work, which were
excluded from the published journal article to preserve its scope, are included here.

Thick Target Yields on '*°La

It is of interest for bulk isotope production purposes to understand the yields of radionuclides
produced in a thick target irradiation. To calculate the yields for a given radionuclide Y;,

with half-life )\;, in units of activity per unit charge, we must integrate the reaction cross
dE

dx

Einc
: /0 Ui(%)(
p-Na

where py = 5 is the number density of the target.
Figure shows the thick target yields for the reaction products observed in this ex-
periment, calculated using the TENDL-2015 cross sections.

section o0;, and the inverse stopping power %= over the entire energy range:
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Figure 2.18: Cumulative (thick target) yields for radionuclides produced by proton reactions
139
on “La.

The main impurity in **Ce production is likely to be *Ce, which emits several high-
energy 7-rays in its decay. At high energies **Ce will also be produced, but with a half-life
of only 97 (4) minutes, it is less of a concern.
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As can be seen in the figure, most of the °Ce activity is produced in the range of
about 40-60 MeV. While it will be impossible to produce **Ce completely free of **Ce, the
radiopurity can be improved by irradiating a lanthanum target covering the energy window
of 55-70 MeV. The radiopurity can be further improved with decay time, as the half-life of
135Ce, 17.7(3) hours, is significantly less than the 3.16(4) day half-life of '3!Ce.

From figure m we see that the thick target yield for **La reaches about 5.7 mCi/pAh.
If we consider an isotope production facility like LANL IPF [92], with about 250 pA of beam
current, and a three day irradiation, a thick lanthanum target would produce about 75 Ci
of *Ce. Considering that typical PET scans require on the order of 10 mCi per treatment,
this three day irradiation could produce enough activity for up to 7,500 treatments.
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Chapter 3

Characterizing the Secondary
Neutron Spectrum from Deuteron
Breakup

3.1 Introduction

HICK target deuteron breakup is one of the most intense accelerator-based sources

of neutrons in the range of ~10-100 MeV, with the potential for numerous sci-

entific and industrial applications. At ¢, = 40 MeV on a beryllium target,

approximately 9% of the incident deuteron beam breaks up, and is “converted”
into a forward-focused neutron beam. Another appealing characteristic of deuteron breakup
is that the average energy of neutrons emerging from the reaction is approximately half of
the incident deuteron energy. The fact that the energy and intensity of the outgoing neu-
tron distribution are (approximately) proportional to the energy and intensity of the incident
deuteron beam means that the neutron spectrum can be tuned to meet the requirements of
a particular application.

However there is a pressing need for improving the characterization of the energy and
angle distributions for neutrons from thick target deuteron breakup. Many of the available
literature data are not of sufficient quality for the applications desired, and are often incon-
sistent with one another. In addition, most of the modeling efforts associated with deuteron
breakup are either focused on (d,p) transfer reactions in thin targets, rather than on thick
target neutron yields, or are simply inaccurate over the energy range and target materials
appropriate for applications.

In this chapter, we present a parameterized, hybrid model for deuteron breakup that
has been fit to a selection of literature data on thick beryllium targets, spanning an energy
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range of ¢, = 16-50 MeV. The model was shown to extrapolate well to higher energies, as
well as to other targets in a similar mass range. We also present new measurements of the
double-differential neutron spectra acquired at ¢; = 33 and 40 MeV, which were performed
using the time-of-flight and foil activation techniques.

Applications of Deuteron Breakup

The tunable energy spectrum and relatively high intensity of deuteron breakup make it an
attractive neutron source for a variety of applications. One application that we will examine
in this work is for isotope production, where it has the potential to play a unique role in
comparison to other neutron sources. Nuclear reactors are very intense neutron sources,
but are not tunable in energy and are generally only practical for (n,y) reaction pathways.
Neutron generators (both deuterium-deuterium and deuterium-tritium) are a relatively low
cost source of high energy neutrons, but the energy is fixed and the neutron intensity is
comparably low. Spallation neutron sources have a very high intensity, however they emit a
broad range of neutron energies, only a small selection of which are likely useful for isotope
production [93].

In comparison, the spectrum from a deuteron breakup neutron source could be optimized
for a specific (n,p), (n,2n), (n,3n) or (n,a) reaction, selectively populating one isotope with
a relatively high radiopurity. Also, because there is a strong energy-angle correlation in the
breakup spectrum, different isotope production targets could be arranged at different angles,
enabling simultaneous radionuclide production. In this chapter we will present cross section
measurements of the **Cu, “Cu, **Sc and *"Sc medical isotopes using a deuteron breakup
source, however many other isotope production pathways are possible.

There are also many potential scientific applications of deuteron breakup. Because the
neutron production is coupled to the incident deuteron beam, a pulsed accelerator (such
as a cyclotron or linear accelerator) can be used to perform nuclear physics measurements
using the time-of-flight (ToF') technique. This is useful for measuring reaction cross sections
as a function of the incident neutron energy, for which there is a paucity of data in the
fast neutron range of several MeV [94]. If the deuteron beam is scaled up significantly in
intensity, the spectrum is suitable for neutron damage studies of fusion reactor materials [95],
or for electronics damage and human dose considerations for space exploration [96]. While
not a direct application of deuteron breakup, modeling the breakup reaction is important for
interpreting (d,p) reaction data, often used in surrogate nuclear reactions for targets that are
either difficult to acquire, or have a low reaction cross section [97]. There are also potential
applications for active interrogation studies, or neutron induced transmutation of nuclear
waste [98].
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Background

Deuteron breakup has a long history of study, beginning in the 1930’s when Oppenheimer
proposed that deuterons having a kinetic energy larger than their nuclear binding energy
(Eq = 2.225 MeV) could be disintegrated through Coulombic interactions in matter [99].
In the 1940’s, measurements by Helmholtz, McMillan and Sewell [100] of Uranium target
bombardment with high energy deuterons showed that neutrons from this process were
emitted at approximately half the incident deuteron energy, and that this process was very
forward-focused. Dancoff and Serber proposed two competing theories explaining these
observations, the former based on Coulomb excitation of the deuteron [101], and the latter
being a nuclear process in which the proton is “stripped” away from the neutron [102].
Dancoff also showed that for low-Z nuclei, the Coulomb breakup cross section would be
much smaller than for the stripping process. This assertion is also maintained by more recent
theoretical work [103], and is fairly intuitive as the cross section for Coulomb excitation is
proportional to Z2.

The theories of Dancoff and Serber represent the two competing reaction mechanisms
responsible for deuteron breakup. The Dancoff theory of Coulomb excitation is one form of
elastic breakup (EB), where no energy or particles are transferred to the target nucleus. In
this case the breakup is not induced by a nuclear reaction, however nuclear-elastic breakup
is also possible. The Serber theory of proton stripping is an example of a nonelastic breakup
(NEB) reaction, in which either energy, a particle, or both are transferred to the target
nucleus, which necessarily occurs through a nuclear interaction.

The essence of the Serber stripping theory is, as summarized by Potel et al. [97], “the
product of the square of the Fourier transform of the ground state wave function of the
[deuteron] projectile and the total reaction cross section of the unobserved fragment”, which
is the proton in this case. More simply, it assumes that the neutron momentum distribution
before and after the interaction, in which the proton is stripped away from the deuteron,
remains the same. This reproduces the basic kinematic behavior experimentally observed for
breakup on light targets: that the neutron distribution emerges with an average energy of
one-half that of the incident beam, and the angle distribution becomes more forward-focused
as the incident energy is increased.

A more rigorous treatment of this process was given using direct reaction theory, in the
works of Ichimura, Austern, and Vincent (IAV) [104] using the post-form of the distorted-
wave Born approximation (DWBA) and Udagawa and Tamura (UT) [105] using the prior
DWBA form. These theories preserve the essentials of the Serber model, but account for
diffraction effects caused by interactions of the elastic breakup channel with the target nu-
cleus [97]. More modern approaches make use of three-body descriptions of breakup, or will
perform coupled-channel calculations which are capable of computing multi-step reaction
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processes to high orders of accuracy. All of these described methods make use of optical-
model potentials for the deuteron-target interacting system, the parameters of which can be
tuned to reproduce experimental results. Other recent efforts in breakup modeling include
semi-empirical formulae fitted to experimental data, such as the works of Kalbach [106]
and Avrigeanu [107]. However these models have been shown to have poor agreement with
neutron yield data on light targets [[108], due to the fact that they were mostly fit to (d,p)
reaction data on medium-mass nuclides. This served as the motivation for development of
the hybrid breakup model presented in this work, which is specifically tuned to reproduce
neutron yield data on low-Z targets, with an eye towards using the forward-focused neutrons
as a beam in their own right.

In addition to (elastic and nonelastic) breakup, there are other nonelastic reaction pro-
cesses which may contribute to neutron production. These are compound nucleus formation,
pre-equilibrium, and direct reactions (aside from nonelastic breakup) leading to excited states
in the product nucleus. It is argued that due to the different time scales for these reaction
mechanisms, they can be treated as an incoherent summation, such that the resulting spec-
tra from each mechanism can simply be added together [103]. On this basis, the modeling of
these processes are generally performed independently from breakup, and can be calculated
with a standard nuclear reaction model code (TALYS, EMPIRE, etc.) [b4,b5].

As far as experimental measurements of breakup are concerned, most effort has been
focused on (d,p) reaction data on medium-mass targets, often with the goal of providing
nuclear structure insight. This is motivated by two factors. Experimentally, protons can
be detected with much higher efficiency and energy resolution than neutrons, with the use
of silicon charged particle detectors. This enables measurements on rare or enriched target
materials, that may not be available in quantities larger than a few milligrams. The superior
energy resolution means that more details of the underlying nuclear physics may be revealed,
as reactions to specific states can be observed. The other motivating factor is that (d,p)
reactions can act as a surrogate to (n,y) reactions, which are important for a wide variety of
applications [109]. The interpretation of these surrogate measurements is one of the principal
motivations behind the development of more comprehensive theories for deutron breakup,
such as the work of Potel et al. [97].

However in this work, we are primarily focused on applications for deuteron breakup as a
high intensity, variable energy neutron source. For this purpose, of course (d,n) rather than
(d,p) measurements are required, but also it is of importance that the measurements are on
low-Z target materials, and preferably in the range of ¢, = 10-200 MeV. This is because the
neutron yields improve significantly with increasing deuteron range. Lower 7 targets, and
higher energy deuterons, will have comparatively higher range. Above e¢; ~200 MeV, other
reaction mechanisms such as spallation may become significant, which are not the focus of
this work. Within this scope, most of the literature measurements are on thick beryllium
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targets, in the energy range of 16-55 MeV. The majority date to the 1970’s, and were
performed with the motivation to use breakup as a fast neutron source in cancer therapy [L10].
Unfortunately many of these measurements are discrepant with one another, and most were
only performed at forward angles, motivating an improved set of measurements at multiple
energies and angles.

3.2 Parameterization of the Hybrid Breakup Model

The majority of reported experimental neutron spectra from deuteron breakup are neutron
yields from thick targets. More specifically, they are the neutron production cross sections
integrated over the entire range of the deuteron for a given incident energy, rather than energy
differential measurements. This includes neutron production from inelastic reactions other
than breakup. While having thick target yields is somewhat convenient from the applications
perspective of using deuteron breakup as a neutron source, it means that forward modeling
will be required to extract the neutron production cross sections. The total double-differential

neutron yields from a thick target can be calculated according to
dQY(En T. 9) PN Eq d20(6d 9) dEd -1
S vTm e PV B LA e 3.1
dE,, d) e /0 () =0aE, (&) dea (3:-1)

where py = % is the number density of the target, 7(e4) is a parameter representing the

attenuation of the deuteron beam from the incident energy E; down to €4, 24 is the deuteron

dx
2 . . . .
d dg%,e) is the double-differential neutron production cross

sections that we are attempting to unfold. At very high energies, we would also need to

stopping power in the target, and

account for neutron attenuation within a thicker target, as well as tertiary neutrons produced
from the breakup proton flux. However, these contributions are likely to be quite small at

the energies of interest to this work.

d?o(eq,0)
dQdEy,
we must perform an iterative procedure in which the cross sections are predicted, the thick

In order to build a successful model for the neutron production cross sections

target yields are calculated from these, and then the model is adjusted to better reproduce
the yield data. To perform this optimization, the model requires adjustable parameters.
While one could adjust optical model parameters in a DWBA calculation, we have instead
opted to use a parameterzied version of the Serber theory [102]. In addition to the relative
simplicity of the Serber theory, there are two motivating factors for using this model. One is
that it has already been shown that for low-Z target nuclei (relevant to neutron production
targets), the nonelastic breakup component is almost negligible [103], such that there is little
improvement in accuracy expected from a DWBA calculation. The exception to this is at
low energies (< 15 MeV), however at these energies, the short range of the deuteron limits



CHAPTER 3. CHARACTERIZING THE SECONDARY NEUTRON SPECTRUM
FROM DEUTERON BREAKUP 46

the resulting neutron flux, making it generally outside the scope of the isotope production
applications which are the focus of this work. The other advantage to the Serber model is
that it does not require a re-tuning of optical model parameters for each target nucleus [111],
which would likely be required of DWBA calculations as global optical model potentials
(OMPs) such as the Koning-Delaroche OMPs [112] are not valid for light nuclei such as ®"Li
and ?Be.

With this in mind, we will first describe the parameterized breakup model, and then
discuss the parameter adjustments and fitting to experimental data. As mentioned previously,
due to the different time scales of the various neutron producing mechanisms involved, we
can divide the cross section into an incoherent sum of the following inclusive cross sections

d20' . dzaBU i dQO'CM n dzO'pE
dQdE,  dQdE,  dQdE,  dQdE,
where the subscripts BU, C M and PFE refer to breakup (via proton stripping), compound-

fusion evaporation reactions, and pre-equilibrium reactions. Direct reactions were excluded
from this study because they only contribute significantly to the neutron yields at low en-
ergy, which is outside the scope of a neutron production target for applications like isotope
production.

For the breakup cross section, it was assumed that the energy and angle distributions
were independent, and therefore the cross section could be separated into a total breakup
cross section oy, and probability distributions for the outgoing neutron energy (Ppy(E,))
and angle (Pgy(#)) according to

dQO'BU
dQdE,

According to the Serber model, the stripping cross section should be proportional to the

= JBU(Ed)PBU(En)PBU<9)

target nuclide radius, or R = rgAY?. However, Serber did not include any dependence on
the incident deuteron energy. Therefore, the Serber formula was combined with the energy
dependence from the semi-empirical breakup model by Kalbach [113] to obtain

1 _|_ 6(22.3—6d)/773[]

O-BU(Ed) =572 (mb), NBu = 94 (Me\/)

A comparison of the total breakup cross section with the neutron production cross sec-
tions from pre-equilibrium and compound reactions can be seen in figure El] These results
show that above approximately 20 MeV, breakup is the dominant contributor to neutron
production.

The neutron energy and angle distributions for breakup were taken from the opaque
nucleus approximation in the Serber theory. However the characteristic widths of these
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Figure 3.1: The total neutron producing cross sections for deuteron breakup, compound
(evaporation) and pre-equilibrium reactions.

distributions were modified to reproduce the experimental measurements. The resulting
energy probability distribution is given by

(Ed - Ec) * Wy

PBU(En) =
w[(En —Yea—BD) +wa- (ea— B

3/2° wd:O37EB

where E. is the Coulomb potential at a separation of R = 7o(AY? 4 21/3). This was not
included in the original Serber theory, however it accounts for the slight shift in the centroid
energy observed in measurements, particularly of higher Z targets, due to Coulomb repulsion
of the incident deuteron.

The angle distribution from the Serber model is given by

90 EB €d
P = T = = U. 2 . . 1 —
50 (f) 27 (62 4 62)3/2° bo =07 \'ea — E. ( 8md02)

where the relativistic correction term ST;‘:CQ is generally negligible at the deuteron energies
applicable to this model. Not included in these equations, but included in the numerical
implementation of the model, is a normalization constant such that [; P(E,)dE, =1 and
similarly [, P(0)d0 = 1.

Figure shows these (un-normalized) distributions for the breakup reaction. Charac-
teristic of the breakup process, the energy distribution is centered at half the incident energy

(minus the Coulomb potential), with a width that increases with increasing energy. The an-
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Figure 3.2: Energy (left) and angle (right) distributions of the outgoing neutrons from
deuteron breakup, for various incident deuteron energies.

gular distribution is very forward peaked, with the majority of breakup neutrons emerging
below about 20°. This angular distribution sharpens as the energy is increased.

However breakup is, of course, not the only reaction responsible for neutron produc-
tion. While the pre-equilibrium and compound nuclear reactions could be calculated using
a standard nuclear model code such as TALYS [54] or EMPIRE [55], for the purposes of a
parametric study we have made use of semi-empirical models for these mechanisms, largely
inspired by the work of Kalbach [113].

Similar to the breakup cross section, the compound and pre-equilibrium cross sections
were assumed to have separable energy and angle distributions, according to

d*o CM,PE
dQdE,,

The total compound neutron production cross section was given the following parame-

= UCM,PE(€d>PCM,PE(En)PCM,PE(9>

terization in terms of deuteron energy

0.3

T et eny7| (mb)

- ;((18 — €)/14)?) +

where the shape was determined by fitting to the output of a TALYS calculation for

oom(€q) = 80.6 - [exp(

"Be(d,xn), and the magnitude was determined by a fit to experimental data.
The total pre-equilibrium neutron production cross section was parameterized in a similar
manner according to

34.2

opg(ed) = 11 e22—<a)/6 (mb)
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€aq %d—i-Sb(A—i-l,Z—i—l)
ep €d+Sb(A, Z) — Ep
E;  min(e,, 130 MeV)
Es min(ep, 41 MeV)

Table 3.1: Kalbach energy parameters for a.

The systematics of compound and pre-equilibrium neutron angular distributions have
been thoroughly characterized in the semi-empirical formulations by Kalbach and Mann [114],
and therefore we will adopt their parameterization according to the following relation

a

Py (0) = 3 sinh(a) (exp(a : 608(9’)) + exp( —a- cos(@')))

where @' is the center-of-mass emission angle, which in the non-relativistic case can be
determined by

oy €d . _T T
0 (eq) = arctan((l + 01 A) 9305 Me\/) tan(6 2)) t5

where 6 is the neutron emission angle in the lab frame, and the phase shift 7 has been

introduced to correctly map the arctan function over the angular range from 0 to .
The pre-equilibrium angular distribution is given by a similar formula

— a /
Ppp(0) = Snh(a) exp (a - cos(f ))
where the Kalbach “little a” parameter is calculated according to the following empirical
formulae

E;-e

18107 (Eleeb)g +3.35%x 107" (E?;eb)‘*

a=0.04-
€aq

with the energy dependent parameters given by table @
Sp(A, Z) is defined as

Sp = 81 — S2 — 83 + 54 — S5 + Sg

with the constants s; being calculated according to table @

For the neutron emission on beryllium, the compound and pre-equilibrium angular dis-
tributions that best fit the experimental data were obtained by modifying the a parameter
with acyy = 1.1-a, and apg = 1.8 - a.
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Table 3.2: Kalbach constants for a.
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Figure 3.3: Angular distributions of neutrons from compound (left) and pre-equilibrium
(right) reactions, as given by the Kalbach systematics.

Figure @ shows these calculated distributions as a function of the neutron emission
angle in the lab frame. The systematic behavior of the two, as given by the Kalbach param-
eterization, are strikingly different. The pre-equilibrium angular distribution is very forward
focused, although not nearly so much as for the breakup reaction. This distribution becomes
more sharply peaked as the incident deuteron energy increases. The compound distribu-
tion, however, is peaked at both forward and backward emission angles, and the degree of
anisotropy increases with increasing deuteron energy.

The energy distribution of these neutron emission spectra were calculated using a Watt
distribution, according to

Peyvpe(Er) = sinh(\/Q : En> -exp( — i)

kKTowm P
where k7T is the nuclear temperature associated with each process. The Watt distribution
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Figure 3.4: Energy distributions of compound (left) and pre-equilibrium (right) reactions,
determined using a modified moving-source parameterization.

was found to reproduce the experimental results better than the Maxwell-Boltzmann distri-
bution, which is unsurprising given that it is characteristic of a moving source that emits par-
ticles with Maxwell-Boltzmann distribution in the center-of-mass frame. Once again, this dis-
tribution was normalized (in the numerical implementation) such that [;* Poy pr(Ey)dE, =
1.

The energetic dependence of the nuclear emission temperature was loosely based on the
parameterization of the moving-source model [115], with

/{ZTCM =0.140.27- \/ €d + Q (Me\/)

and

kTpp = 0.75 + 0.63 - \/eg + Q (MeV)

where () is 4.36 MeV for “Be(d,n).

Figure@ plots the (normalized) energy distributions for compound and pre-equilibrium
emission. These give the expected trends that pre-equilibrium emission will result in a
comparably higher average energy, and that the distribution spreads out as the deuteron
energy increases. For a more rigorous calculation of these distributions, one could make use
of a Hauser-Feshbach calculation [116] for the compound spectrum and an exciton-model
calculation [[117] for the pre-equilibrium distribution. However this was not performed here
for the sake of simplicity, which is justified by the fact that these reactions form a fairly minor
contribution to the breakup spectrum, particularly at the energies relevant to applications

such as isotope production.
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It should be noted that the black-body temperature kT is not an absolute temperature
in any moving reference frame, and there will be an apparent temperature shift given by the
relativistic correction

T
v - (1 —B- cos(@’))

where 5 = UAT” is the relativistic velocity for the compound system, and ¢’ is again the

T’(@’, Ed) =

neutron emission angle in the center of mass frame.

] —— 9=0°, E;=40 (MeV)
0.150 A — 0=45°, E;=40 (MeV)
] —— 6=90°, E4;=40 (MeV)
0.125 E —— 6=150°, E;=40 (MeV)
—~ 0.100 1
= )
y ]
£ 0.075 -
o ]
0.050 1
0.025 1
0.000 1

0 10 20 30 40
Neutron Energy (MeV)

Figure 3.5: Example of relativistic corrections to the energy distribution of neutrons from
the compound (evaporation) reaction.

The consequence of this correction is a relatively small shift in the energy distribution,
however it does induce a correlation between the outgoing neutron emission energy and
angle. Figure @ shows the impact of this correction for 40 MeV deuterons at multiple
emission angles (in the laboratory frame). The magnitude of this correction will increase
with increasing deuteron energy, however the relative impact on the spectrum will be small
as neutrons from the breakup process tend to dominate the spectrum at higher deuteron
energies.

This forms the basis of the model for the double-differential neutron production cross
sections. Now all that remains in order to calculate thick target yields is an expression for
the attenuation parameter 7. Given the expected linear trajectory of deuterons in a material
down to energies below the threshold for breakup, the attenuation parameter can be quite
simply calculated as the integration of the total reaction probability, according to
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Figure 3.6: Deuteron attenuation factor (7) as a function of the deuteron energy loss in the
target (left) and the target thickness (right) for a range of incident energies.

7(€q) = eXp( — PN /Ed or(€) (ZZ)ldG/)

€d
where py is the number density of the target, or is the total reaction cross section (not
just neutron producing reactions), Fy is the original deuteron energy incident on the target,
and %;, is the stopping power.
This total reaction cross section can be interpolated from an evaluation such as TENDL,
however we will make use of the following simple relation

or(¢) = opu(e) +r5(AY? +0.8) - |er e/ (1~ 6_6//(12)]

where the parameters ¢; = 5.643, a; = 131.3 MeV, and ay = 1.354 MeV were derived
from a fit to experimental data. In this case oy is the contribution from breakup only, i.e.
not including compound or pre-equilibrium reactions.

The attenuation parameter 7 can be seen in the plots of figure @ as a function of both
the target thickness, and the deuteron energy loss in the target. A significant feature of these
plots is that even at higher incident energies, the deuteron beam is not extremely attenuated.
This leads to a general trend in the thick target deuteron breakup measurements: that the
breakup spectrum for a given energy is (almost) the cumulative sum of the breakup spectra
for all the energies below it. For example, the neutron spectrum from 40 MeV deuterons
should be equal to the 30 MeV spectrum, plus the additional flux of the deuterons ranging
from 40 down to 30 MeV. This makes inconsistencies in the literature data very clear. If
the reported yields at 30 MeV are higher than at 40, one of the two measurements must be
incorrect.
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Data Selection and Fitting

The emphasis of this work is on reliably calculating double-differential thick target neutron
yields on beryllium. Lithium and carbon targets would have also been appropriate, as the
stripping reaction mechanism should be the dominant contribution to breakup for low-Z
nuclides, however there are fewer experimental data on these targets. Instead, while the
data on lithium, carbon (and copper) targets were not included in the fitting procedure,
they were used to evaluate the ability of the model to be extrapolated outside the range
of where it was fit. It may be of value to perform the same fitting procedure on lithium
targets, as these are interesting because they produce about a 30% higher neutron yield per
unit of beam current, due to the increased deuteron range in lithium. Furthermore, there
are existing high-power liquid lithium targets that are being used for neutron generation for
astrophysical applications [[118]. However this analysis will be left for a future study.

In total, the measurements of five authors were found with thick target neutron yield data
on beryllium targets in the relevant energy range. The most recent, Harrig et al., performed
very precise measurements using the double time-of-flight technique at 16 MeV, at forward
angle [119]. The use of this method allowed Harrig to measure significantly lower neutron
energies than other authors, which all used the (single) time-of-flight method. The works
of Saltmarsh [120] and Meulders [110] were quite valuable, because they contained measure-
ments at multiple angles. This is important for assessing the contributions from compound
and pre-equilibrium reactions, as these mechanisms will be observed relatively free of breakup
neutrons at large angles. However the 33 MeV data of Meulders was not used in the fitting
procedure, as it was nearly the same in magnitude as the 40 MeV Saltmarsh measurements,
which seemed to be more in line with the rest of the data than the Meulders 33 MeV results.
Similarly, the Schweimer data [121] was interesting because it contained a measurement at
54 MeV, but had to be left out of the fitting because the 40 MeV Schweimer measurement
was about 40% lower than Saltmarsh. Weaver [122] had multi-angle measurements at 16
MeV, however because the present study does not include direct reactions, these low energy
points were highly discrepant. Also, there was about a 25% discrepancy between Weaver
and Harrig/Meulders. While not directly used for the fitting, these data are compared to
the resultant model in the next section.

Six of the parameters from the proposed model were selected to be adjusted in the fitting
procedure. These were the scaling parameters for the magnitudes of the breakup, compound
and pre-equilibrium reactions, a parameter each for the widths of the breakup energy (wy)
and angle distributions (), as well as a slope parameter 7 for the breakup total cross section.

These parameters were fit using the scaling constants ¢; according to
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where the calculation with all ¢; = 1 returns the cross sections from the previously de-
scribed model. This 6-parameter function will be useful for the neutron activation analysis
measurements performed in this work, as it can be used to deduce the measured spectrum
without the issue of solving an underdetermined system typical of spectral unfolding tech-
niques.

Determining the values of ¢; which best fit the literature data is done by computing the
thick target yields using equation @, and iteratively adjusting ¢; to improve their fit to the
experimental yields. It is worth noting that this fitting procedure is performed once for all
literature data, at all energies and angles together, rather than for a single spectrum at a
time. This reduces the likelihood of “overfitting”, improving the predictive power of this
model.
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Figure 3.7: Results of the fit to literature data measured at § = 0°, from e¢; = 16-50 MeV.
Data from Meulders (1975), Saltmarsh (1977) and Harrig (2018).

The results of this fitting procedure to the selected literature data can be seen in figure
at forward angles, and in figure at €4 = 40 and 50 MeV for multiple outgoing angles.
In general, the agreement is quite good. The results seem to indicate that the Meulders 33
MeV measurement is about 40% too high, rather than the Saltmarsh 40 MeV measurement
being too low. The lack of other literature data between 40 and 16 MeV motivates further
measurements that we will report in this work. There is a slight disagreement between the
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Figure 3.8: (left) Results of the fit to measurements by Saltmarsh (1977) at ¢; = 40 MeV
from 0 = 0° to § = 90°. (right) Results of the fit to measurements by Meulders (1975) at
€g = 50 MeV from 6 = 0° to 6 = 64°.

suggested width of the breakup peak in the 40 MeV data by Saltmarsh, which seems to
show a wider peak, and in the 50 MeV Meulders data, which has a narrower peak. Because
this method neglects direct reactions, there is also an underprediction of the 16 MeV Harrig
dataset. However this is anticipated as being outside the scope of isotope production appli-
cations. There is also a subtle disagreement in the low energy compound spectrum, which
is likely due to issues in determining the time-of-flight detection efficiency at low energies.

Model Validation

The collected data that was not used for fitting the breakup model was instead used in a
validation procedure, to estimate how well the model extrapolated to other materials and
deuteron energies. The results of this validation can be seen in figure @ Because of the
previously mentioned discrepancies, the Schweimer data were multiplied by a factor of 1.4,
in order to match Saltmarsh at 40 MeV, and the Weaver data were multiplied by 0.8, in
order to match the Harrig data at 16 MeV.

The results of this validation are encouraging. The fit on beryllium extrapolated to the
corrected 54 MeV Schweimer dataset shows good agreement, which builds confidence in the
ability of this model to extrapolate to higher energies, as that may be useful for isotope
production purposes. The modeled values on lithium and carbon are systematically high,
however this seems mostly attributable to the compound component of the cross sections,
rather than the breakup part. This is quite evident in these spectra at low energies, and
at large angles. This should not be too surprising, as the compound (and pre-equilibrium)
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contributions to the spectrum were specifically chosen to match beryllium data, rather than
being based on a more broadly applicable theory.

Interestingly, the breakup model extrapolates well to copper (Z = 29), which should have
a significant elastic breakup component, despite the fact that the model does not account for
this. However the model largely fails to reproduce the double-differential data from Weaver,
except at large angle where we can assume most of the neutrons are from compound reactions.
This is likely due to the absence of direct reaction modeling.
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Figure 3.9: Comparison of modeled neutron yields to literature measurements. The first
three plots show ¢ = 0° measurements on Be, C and Cu. The following three plots show
measurements at multiple angles, on Li and Be.
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3.3 Measurements of Neutron Yields from Deuteron
Breakup on a Thick Beryllium Target

As described in the previous section, there are a number of discrepancies between existing
literature measurements that motivate further experimental clarification. In this work, we
present the results of two separate irradiations to measure the neutron yields from thick
target deuteron breakup on beryllium. Because the discrepancy surrounds the magnitudes
of the 33 MeV Meulders dataset and the 40 MeV work of Saltmarsh, these were the two
deuteron energies selected for these irradiations.

This is also an energy range that has a relatively high importance for isotope production
applications. In chapter Y we will consider the use of neutrons from deuteron breakup for the
production of ***Ac via the **°Ra(n,2n) reaction pathway. At 33 MeV, the neutron spectrum
overlaps well with the predicted cross sections. However at 40 MeV, the neutron yields
will be higher, and depending on the shape of the *Ra(n,2n) reaction, may consequently
produce higher yields of the valuable medical radionuclide ?**Ac.

The first irradiation at 33 MeV consisted only of a foil activation experiment, in which
the fitting procedure employed in equation @ was used to extract the observed spectrum
from the foil data. At 40 MeV, this was repeated, in addition to a time-of-flight measure-
ment. Each of these experiments consisted of measurements at multiple angles, such that
the angular dependence of breakup, as well as the relative contributions from compound
reactions and pre-equilibrium, could be understood. In the foil activation experiments, zinc
and titanium foils were also co-irradiated to quantify the production of certain medically
relevant radionuclides.

Facility Overview

Both irradiations were performed at the Lawrence Berkeley National Laboratory’s 88-Inch
Cyclotron [61]. The 88-Inch Cyclotron is a variable-beam, variable-energy K=140 isochronous
cyclotron, capable of producing deuteron beams with energies up to 55 MeV. The cyclotron
facility has a number of shielded experimental “caves”, for various applications (see figure
in chapter E) Both the 33 and 40 MeV irradiations were performed in Cave 0, considered the
“high level” cave due to the extensive radiation shielding enclosing it. Critically for the time-
of-flight experiment, this cave is well isolated from neutrons produced by deuteron scraping
that might occur in the cyclotron vault, which would interfere with the time-of-flight signals.
One important consideration for the location was in the positioning of detectors for the
time-of-flight experiment. Due to the size of the cave, the EJ-309 neutron scintillators [[123]
were placed between 1.2-2.3 m from the breakup target, ranging from 0-90°. While these
path-lengths may be somewhat short, they still proved acceptable based on the energies
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being measured, the temporal resolution of the electronics, and the wraparound time of the
machine.

Following irradiation, the neutron monitor foils were transferred to a separate counting
room within the cyclotron laboratory. These foils were counted on the same ORTEC GMX
Series (model GMX-50220-S) High-Purity Germanium (HPGe) detector that was previously
used for the La(p,x) experiment described in chapter E For these irradiations, the detec-
tor energy and efficiency calibrations were determined with the use of the following NIST

traceable standard calibration sources: *?Eu, '*Ba, *"Cs, %°Co and *"Co.

Activation Analysis

Neutron activation analysis is a standard technique in which the neutron flux incident upon
a foil may be determined from the activity induced upon it and the reaction cross section for
the formation of that activation product using the well known thin-target activation equation

R =n(o)(¢) (3.3)

where n is the number of target atoms, R is the production rate, determined by the
measured product activity, (o) is the flux-averaged cross section given by

(o) = (fEn U(En)¢(En)dEn)
(9)

and (¢) = [, #(E,)dE, is the scalar neutron flux. Generally in order to solve this for

the scalar flux (¢), the relative shape of the flux must be known. However for the purpose

(3.4)

of this study, it is the shape of this flux that we are trying to determine. In order to resolve
this dilemma, we will measure multiple reaction channels in the neutron monitor foils, which
each have different thresholds and are sensitive to different energy regions. In this way, we
can essentially find the scalar flux in a small energy window, and then use this to determine
the overall shape in an iterative manner.

Figure demonstrates this with some of the monitor reactions that were used in this
study. It is clear that, for example, "’In(n,n’)**™In and *Y(n,3n)®*"Y have very little over-
lap, and are sensitive to neutrons in the 1-10 and 25-35 MeV energy ranges, respectively.
Therefore the relative activation rates of the two channels should provide the relative mag-
nitude of the flux in each energy region, and consequently some idea about the flux shape.

If we insert our parameterized breakup model into the above activation equation, the
predicted production rate is given by

n- Id (En,H)
Te z - n dEndQ
Fyred / / =0 deE
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Figure 3.10: Evaluated cross sections for some of the monitor reactions used in the foil
activation experiment.

where I, is the deuteron beam current (in units of pA), A is the area of our monitor
foil, and the double differential neutron yield %Egﬁ calculated using the hybrid Serber
model can be adjusted to match the measured production rates by varying the parameters
(c1,...,cq) in equation @ In addition to using multiple monitor foils, we can measure these
production rates at multiple angles to improve the fit of the terms in eq. @ related to the
breakup angular distribution, as well as the compound and the pre-equilibrium contributions
to the spectrum, as these will be more sensitive at larger angles.

By comparing the predicted production rates for each of the i reaction channels to those

we measure through activation, R,,eqs,, the optimum parameters ¢; can be fit by minimizing

(Rmeas,i - R red,i)2
=2 T

g

i meas,i

This will yield the spectrum, in terms of the hybrid Serber model, which best reproduces
the experimental reaction rates.

In order to produce the best results using this method, multiple activation foils were
chosen that had well-characterized cross sections; either reactions that were evaluated in the
IRDFF-II libra] or where the TENDL-2015 evaluation gave good agreement with data
from EXFOR [] For the 33 MeV irradiation, nickel, indium, zirconium and aluminum
monitor foils were used. At 40 MeV, an yttrium foils was also included in the foil packets.
Additionally, titanium foils were included in the 40 MeV irradiation, and zinc foils were
included in both, in order to measure production cross sections for select emerging radionu-
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Reaction Library
TAl(n,x)*Na IRDFF-II
"'Ni(n,x)**Co IRDFF-II
"2'Ni(n,x)*"Ni IRDFF-II
»Ni(n,x)"Co  TENDL-2015
Y (n,2n)*Y IRDFF-II
Y (n,3n)*¢Y  TENDL-2015
Y (n,3n)*™Y  TENDL-2015
a7 (n,x) 3Zr IRDFF-II

30 (n,3n)""In - TENDL-2015
"oIn(n,2n) ™! m  IRDFF-II
WoIn(nn) ™™ IRDFF-II

Table 3.3: Neutron monitor reactions used for the foil activation spectral reconstruction.
Note that the reactions based on ®Y targets only applied to the 40 MeV irradiation. Cross
section data was retrieved from IRDFF-IT and TENDL-2015.

clides. The specific monitor reactions used and libraries from which the cross section data
were retrieved are given in table @

All foils were purchased from Goodfellow Corporation (Coraopolis, Pa 15108, USA) and
were of either 99 or 99.99% purity (metals basis) with natural isotopic abundances. All
foils were cut to 1 cm diameter disks, and were cold rolled to 0.5 mm thickness, with the
exception of the nickel foils which were cut to 6.3 mm diameter, of 1 mm thickness. Each
foil was cleaned using isopropyl alcohol, and then its mass was measured using a milligram
balance (after drying). One of each foil was then placed into a “foil packet”, which was
sealed using thin pieces of Kapton polyimide tape. Kapton with an acrylic based adhesive
was specifically chosen to avoid contaminating **Si(n,x)**Na reactions from silicone based
adhesives, which may have interfered with the *"Al(n,a)) monitor channel [57], although the
extent to which this poses a problem for neutron activation is likely minimal.

A custom foil holder was designed and 3D-printed for the purpose of these measurements,
with pre-arranged slots for the monitor foil packets at 9 different angles (see figure )

The beryllium breakup targets were also loaded inside of the holder, with thin aluminum
sheets behind the beryllium to prevent activation from any secondary protons produced in
(d,p) breakup reactions. This entire assembly was placed in the TEN target box, which is
held under vacuum at the end of the Cave 0 beamline. At 40 MeV, a slightly larger foil
holder was printed to accommodate the additional 2 mm of beryllium required to stop the
deuteron beam, which marginally changed the average angles of each foil packet.

The 33 MeV irradiation was performed with a beam current of 125 nA for 1 hour and
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Figure 3.11: Photo of the foil holder used in the activation experiments. The plastic holder
was loaded directly inside of the beam-pipe. Foils were wrapped in Kapton polyimide tape
for encapsulation during handling. Thin aluminum foils were placed just behind the breakup
target to prevent secondary protons from activating the samples.

20 minutes, whereas the 40 MeV irradiation was performed at 75 nA for 1 hour. Following
irradiation, the foil packets were quickly removed from the beamline and transferred to the
previously described HPGe counting lab.

Due to the large number of foils to be counted on a single detector, and the short half-
lives involved with some of the monitor reaction channels, it was decided to count the foils
together in packets, rather than individually, although individual counts were performed
later in time. An example y-ray spectrum from the 40 MeV foil packet at 31° can be seen
in figure , as well as fits to the observed peaks.

Counting the foils in packets meant that there was a need to correct for the photon
attenuation caused by the additional foils between a particular sample and the detector. If
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Figure 3.12: Example v-ray spectrum from the 40 MeV activation experiment.

a given activity Apeqs was measured at time ¢, the attenuation corrected activity A(t) is
determined by the equation

1 — e rozo N -1
A(t) = Amm(t)( . Ze—ui.u>
Ho - o i=1

where the various p;’s are photon attenuation coefficients [], the 1 — exp(—po - o)
factor accounts for the attenuation within the radiogenic sample itself, and the other N
exp(—p; - x;) terms correct for the attenuation in the other samples between it and the
detector.

The Bateman equations [@], as implemented in the Curie code [], were used to
determine the measured production rates [2,eqs; in each monitor reaction channel from
these (corrected) activities, which were measured at multiple time points after the end-of-
bombardment (EoB). These measured production rates were then used to iteratively solve
for the flux distribution from breakup, as previously described.

Time of Flight

For the 40 MeV measurement, neutron time-of-flight (nToF) spectroscopy was performed in
addition to the activation experiment. The advantage of this method is that the neutron
energy can be directly measured by the detector, in a relatively straightforward manner.
The challenges with nToF surround the determination of the detection efficiency. Because
activation was also performed, this can be used to normalize the nToF spectra, such that
only the relative detection efficiency in each detector needs to be determined.
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In this experiment, 5 EJ-309 liquid scintillation detectors were placed at angles ranging
from 0-90°, which were located 1.2-2.3 m from the deuteron breakup target, with the 90°
detector being placed the closest. A photo of the 0° and 18.2° detectors can be seen in figure
. The digital data acquisition system used to measure the neutron spectra from the
detectors was a Mesytec MDPP-16, running the QDC (charge sensitive) firmware and the
MVME recording software [] The cyclotron RF clock frequency was also routed into one
of the MDPP-16 inputs, to act as a start gate for the counting window totaling about 98 ns.
With this firmware, the MDPP-16 integrates the entire charge in each detected pulse, as well
as the charge in a “short” gate pulse, which together can be used to perform pulse-shape
discrimination (PSD) to differentiate neutron and photon signals in the detector.

W

Figure 3.13: Photo of the EJ-309 neutron scintillation detectors used in the time-of-flight
experiment. Pictured here are the detectors positioned at 0° and 18.2°.

The breakup target that was developed for the actinium production experiment described
in chapter @ was used for the nToF measurements. Further details about the beamstop di-
mensions and construction can be found in appendix @ The beamstop holding the beryllium
breakup target in place was made from thick aluminum, which meant that an attenuation
correction needed to be applied in the interpretation of the results.

Due to the relatively high neutron output from 40 MeV deuteron breakup, the nToF
irradiation was performed at a beam current of 0.7 nA for approximately 30 minutes, which
was enough to achieve good statistics. Figure shows the nToF spectrum from the 0°
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Figure 3.14: (left) Time-of-flight spectrum from the detector at 0°, with characteristic
peak at tg, followed by the neutron signal. Some overlap can be seen in both signals, due
to imperfect pulse-shape discrimination. (right) Detector efficiency for E.,; = 1 MeV. The
proton cutoff energy FE.,; was determined for each detector separately, but was typically 1-2
MeV.

detector, with more than 10,000 counts in every time bin of the neutron channel.

The time-of-flight spectrum of the neutrons was determined using cuts on the integrated
tail/total PSD parameter. This was done to select only events corresponding to H(n,elastic)
interactions in the scintillator, as the C(n,«) contribution to the spectrum was clearly visible,
although easily separable. There as also a low-energy cut, to eliminate the portion of the
energy spectrum with poor PSD. The time-of-flight spectrum was then converted into an
energy spectrum using the relativistic time-of-flight equations

E,(t) = (mncz)(”y —1)

<\/1 (2d/(t+ Aty))° _1>

where m,,c? is the neutron rest mass energy, ¢ is the time of flight, and At, = d/c is the
time required for a photon to traverse the same distance as a neutron. This adjustment is
required because the time of flight is determined relative to the characteristic “gamma flash”
that occurs when the cyclotron beam pulse first strikes the target.

In order to properly determine the neutron yields at each angle position, the detection
efficiency as a function of neutron energy must be determined. Because we are normalizing
the nToF results with the activation measurements, we are only concerned with the relative
detection efficiency. EJ-309 detectors are composed of a scintillating fluid that is chemically
similar to xylene: (CHj3)2CgHy [129]. At the energies measured in this experiment, neutrons
primarily generate light in the detector through elastic scattering of hydrogen, or through
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C(n,«) reactions. Because the (n,a) contribution can be separated from our spectrum with
PSD, we can attribute all of the neutron signal to (n,elastic) reactions. There is a lower
limit, F.,;, below which the recoil proton will not be detected. In this case, the value of E,,;
was set by the energy below which the PSD became poor. If we make the assumption of a
small detector volume relative to the neutron path length (i.e. no multiple scattering), the
detection efficiency will be proportional to

En - Ecut
E,

where o, is the H(n,elastic) cross section and the factor (E, — E..;)/E, arises from the

e(E,) x oq(Ey)

fact that the neutron elastic scattering kernel for protons is uniform in energy, or more simply
that the incident neutron has an equal probability of scattering to any proton energy. A plot
of the detection efficiency for an example of E.,; = 1 MeV is shown in figure .

One issue that tends to arise with this determination of the detection efficiency is that
in the low-energy portion of the spectrum, the efficiency is asymptotically dependent on the
value of E.,;. Thus the uncertainty in E., gets propagated into a very large systematic
uncertainty in the efficiency. To account for this, the reported spectra will not include data
within 0.2 MeV of E,,;.

3.4 Experimental Results

The measured deuteron breakup spectra showed relatively good agreement with the predic-
tions of the hybrid Serber model, which were based on a fit to literature data on beryllium.
The discrepancy between the Meulders 33 MeV measurement and the Saltmarsh 40 MeV
measurement was confirmed, with the values observed in this experiment being very close
to the measurements by Saltmarsh. These also represent the first set of measurements of 33
MeV deuteron breakup taken at multiple angles, which will be a valuable tool for the opti-
mization of isotope production pathways which make use of thick target deuteron breakup
as a neutron source.

Activation Spectral Reconstruction

The results of the foil activation experiments can be seen in figure . The data show a clear
agreement with the Saltmarsh measurements, and the predictions of the hybrid Serber model,
and also show that the Meulders 33 MeV measurement was systematically high. However,
the measured values are approximately 12% higher than the predictions of the hybrid model.
At forward angles for 33 MeV deuterons, this is likely attributable to an underprediction of
the total deuteron breakup cross section, albeit only slightly.
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Figure 3.15: Results of the activation measurements at ¢; = 33 MeV (left) and e; = 40 MeV
(right). The centroids of the experimental data points were are derived from the energy
average of the cross section, i.e. % The solid line (and the 1-0 error band) indicates
the Serber model fit to the data.

i ¢(33 MeV) ¢;(40 MeV)
1 1.46 1.56
2 0.43 1.93
3 1.8 1.73
4 1.1 1.16
5 1.19 0.89
6 0.59 0.51

Table 3.4: Fitted parameters for the double-differential neutron production cross section, as
described in Eq. , for the 33 and 40 MeV activation experiments.

These measurements were determined by fitting the predicted production rates, based
on the model parameters cq, ..., 6 in equation B.2, to the measured production rates in each
monitor reaction channel. The optimized values of ¢; for each measurement are summarized
in table @

There are a few clear similarities between the results of the two measurements. The
angle and particularly the energy distributions for each were wider than the optimized hybrid
model. There was also a clear decrease in the pre-equilibrium contribution to the spectrum.
This could be a real, significant decrease, however because pre-equilibrium is already a
relatively small contributor to the spectrum, it could also be a statistical anomaly due to
the fitting method. And while the magnitude component of the total breakup cross section
increased in both cases, the slope factor also changed by a factor of two in both cases
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(although in opposite directions), so it is difficult to say whether or not this is significant.
Most of these fitted parameters are probably not valid outside the scope of the data they
were fitted to. However, the fact that the width of the energy distribution is significantly
wider than the hybrid model prediction indicates that either the Meulders 50 MeV measured
distributions are narrower than in reality, or that the model does predict these widths as a
function of deuteron energy correctly.

Time of Flight Results

The measured nToF results are plotted in figure , along with a comparison to the 40
MeV activation results, the Saltmarsh data, and the optimized hybrid Serber model. While
it is not surprising that the magnitudes of the nToF and activation results are similar, as one
was used to normalize the other, the relatively good agreement in the shape of these results
does build confidence in the activation results taken at 33 MeV. Interestingly, the increased
width of the breakup neutron energy distribution, which was seen in the activation data, is
also present in the nToF data. The breakup peak is fully apparent only in the 0° spectrum,
however even in the small peak at 15° it is clear that the measured spectrum is wider than
either the Saltmarsh values or the hybrid Serber model (which was itself fit to the Saltmarsh
data).

One clear area of systematic disagreement between the nToF data and the foil activation
data is in the low energy portion of the spectrum, where the activation measurements are
generally higher. This could just be an artifact of normalization: if the high energy side is
overpredicted then the low energy side will necessarily be underpredicted. It could also be
an error in the nToF efficiency determination, as the low energy portion of the spectrum,
close to E..:, will be most sensitive to that. Or, it could be due to a lack of monitor reaction
sensitivity in the low energy portion of the spectrum. Only **In(n,n’)"**™In extends down
to the lowest part of the spectrum, but has significant cross section up to 10 MeV. This could
be improved with more (n,n’) or (n,p) reactions in this energy region, with multiple different
thresholds helping to improve the sensitivity.

Cross Section Measurements on "**Zn, "'Ti Targets

In addition to the monitor foils, natural foils of titanium and zinc were included in the foil
packs irradiated during the activation experiments. The purpose of this was to measure the
production of a number of medically significant radionuclides.

Theranostics (therapeutic-diagnostics) are a relatively new class of radiopharmaceutical,
in which both therapeutic and diagnostic isotopes (usually) of the same element are given as
part of a treatment [130]. Because the two isotopes are indistinguishable from a chemical per-
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Figure 3.16: Measured time-of-flight spectra at ¢; = 40 MeV. Measured angles were 0°,
18.2°, 32.5°, 46.2° and 90°. Each plot compares the measured results to the extracted yields
from the 40 MeV foil activation experiment (to which these data are normalized), the Serber

model, and the Saltmarsh data (occasionally differing by < 3.2°).

A comparison between

the spectra and activation data measured at all angles can be seen in the lower right.
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Reaction Multiplier
"t7n(n,x)%Cu 0.81 4 0.08

"7n(n,x)%Cu - 0.96 £ 0.09
"Ti(n,x)*Se 0.65 & 0.06
"t Ti(n,x)**Sc  0.083 4 0.025
"0 (n,x)*Sc  0.84 £ 0.08
"Ti(n,x)*®Se 0.7 £ 0.05
270 (n,x)%Zn - 0.43 £ 0.04
270 (n,x)%Zn - 0.33 + 0.06

Table 3.5: Results of fit to measured cross sections.

spective, they will exhibit identical biochemistry. If one of the isotopes is a positron-emitter,
enabling the use of the high resolution positron-emission tomography (PET) scanning tech-
nique, then an exact dose profile of the therapeutic isotope can be mapped through modeling
of its decay processes with a similarly high resolution [29].

The theranostic pairs of interest for production from zinc and titanium targets are
%4Cu/%Cu and **Sc/*"Sc, respectively. While both of the PET emitting isotopes **Cu and
43¢ can be produced in relatively large abundances through ®*Cu(n,y) and **Ca(p,n) (on
an enriched target), the therapeutic 3~ emitters *’Sc and *’Cu have much more challenging
pathways. In chapter B we will compare (v,p) and (n,np) pathways for the production of
these isotopes.

In the activation experiments, the production of all four of these theranostic isotopes was
observed, as well as a number of neighboring reaction channels. Unfortunately, the induced
activities were measured with relatively poor statistics, mostly due to an overwhelming ~-ray
background from some of the other, much stronger monitor reaction channels. However, the
measured production rates were converted into cross sections using equation with the
model parameters for ¢(E,,) from the activation experiment fits reported in table B.4. These
cross section values are plotted in figure , along with an x “errorbar” representing the
410 energy distribution, rather than the uncertainty in the mean energy.

Because these cross sections are averaged over a wide spectrum, have rather large uncer-
tainties, and are somewhat difficult to interpret, we will present the results of a very basic
“fit” to these measurements. The fit is simply a constant multiplicative factor by which to
scale the TENDL-2015 cross sections for each channel, such that they best reproduce the
measured flux-averaged cross sections. This provides a good visualization of what the “ac-
tual” cross sections were in these measurements, and it will also have a lower error than the
individual cross sections because it is an average over all of them. The optimized scaling
parameters from this fit are given in table @
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Figure 3.17: Cross sections measured via activation. The x-error bars indicate the +lo
widths of the neutron distributions. The grey line indicates a “recommended” cross section,
based off a scaling of the TENDL data that best fits the measured values. Points marked

with “x” show flux-averaged values from each respective library, at each measured energy
centroid.
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Figure 3.18: Measured cross sections. The x-error bars indicate the +10 widths of the
neutron distributions. The grey line indicates a “recommended” cross section, based off a
scaling of the TENDL data that best fits the measured values. Points marked with “x” show
flux-averaged values from each respective library, at each measured energy centroid.

3.5 Summary and Conclusions

In this work we have proposed a new hybrid model for predicting neutron yields from
intermediate-energy deuteron breakup on light targets. The model was benchmarked against
literature values at a variety of incident deuteron energies and outgoing neutron energies and
angles. This model has the benefits of a relatively simple calculation method, without sacri-
ficing accuracy over the application range considered. It has also been adapted to apply a
relatively simple 6-parameter fitting procedure, which was demonstrated to be applicable to
both global fits across the literature values mentioned above, as well as a more focused fit
to neutron monitor activation data for spectrum unfolding.

We have also presented new measurements of the breakup spectrum on beryllium for
deuteron energies of 33 and 40 MeV. These were performed with neutron activation un-
folding, using the hybrid breakup model to forward-fit to the spectrum, as well as a more
conventional time-of-flight experiment, which was normalized to the activation data. The
results of this showed that the hybrid model was generally accurate. Additionally, cross
section measurements for a number of medically relevant isotope production pathways were
presented, along with a recommended cross section based on these measurements.

It is the hope that this work, in providing a relatively simple yet accurate model of
deutron breakup on light targets, will aid in the design of future high intensity neutron
sources based on this mechanism, and will enable new research into applications such as
isotope production.
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Isotope ~ Energy (keV) L, (%) T/
*Na, 1368.626 99.9936 (15 3.16 (4) d
2754.007 99.855 (5)
#Sc 1157.02 99.9 (4) 3.97 (4) h
1Sc 889.277 99.984 (1) 83.79 (4) d
1120.545 99.987 (1)
S 159.381 68.3 (4) 3.3492 (6) d
S 175.361 7.48 (1) 43.67 (9) h
983.526 100.1 (6)
1037.522 97.6 (7)
1212.88 2.38 (4)
1312.12 100.1 (7)
Co 122.06065 85.6 (17) 271.74 (6) d
136.47356 10.68 (8)
TNi 127.164 16.7 (5) 36.60 (6) h
1377.63 81.7 (4)
1919.52 12.3 (4)
8Co 810.7593 99.45 (1) 70.86 (6) d
037n 669.62 8.2 (3) 38.47 (5) m
962.06 6.5 (4)
%4Cu 1345.77 0.475 (11)  12.701 (2) h
057n 1115.539 50.04 (1) 243.93 (9) d
%"Cu 93.311 16.1 (2) 61.83 (12) h
184.577 48.7 (3)
Sy 380.79 78.05 (8) 13.37 (3) h
A% 388.5276 82.2 (11) 79.8 (3) h
484.805 89.8(9)
' 898.042 93.7 (3)  106.626 (21) d
1836.063 99.2 (3)
897y 909.15 99.04 (5) 78.41 (12) h
i 171.28 90.7 (9) 2.8047 (4) d
245.35 94.1 (1)
H3mpy 391.698 64.94 (17)  99.476 (23) m
Ldmyy 190.27 15.56 (15) 49.51 (1) d
558.43 4.4 (6)
725.24 4.4 (6)
Hompy 336.241 45.9 (1) 4.486 (4) h

Table 3.6: Principle y-ray data from ENSDF [87,88,00,131-145].
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Chapter 4

225 A ¢ Production via the 226Ra(ﬂ72n)

Pathway using a Deuteron-Breakup
Source

4.1 Introduction

ARGETED alpha therapy is a particularly favorable new method of cancer treat-

ment, in which an a-emitting radionuclide is attached to a targeting molecule,

such as a monoclonal antibody, that has a high affinity for binding to cancer

cells. Due to the high linear energy transfer (LET) and short range of decaying
a-particles, this new class of radiopharmaceutical has the capability to destroy cancer cells
while sparing nearby healthy tissue.

The a-emitting isotope **°Ac (t1/2 = 9.920 (3) d) is a promising candidate for alpha ther-
apy, but is not currently available in quantities sufficient for widespread clinical use [32].
In this chapter, we will present the results of measurements of the spectrum-averaged
2Ra(n,2n)?*Ra reaction cross section, using neutrons from thick target deuteron breakup.
The measurements were performed at two incident deuteron energies, 33 and 40 MeV, which
approximately corresponded to average neutron energies of 15 and 17 MeV, respectively.
This represents a new pathway for the production of **Ac, and we will compare the po-
tential ***Ac production rates using this pathway to the estimated demand. In addition, a
chemical separation of the *°Ra target and produced ?*°Ac was performed, to explore the
radiochemistry of this production route. Preliminary results for this separation are presented.
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Medical Potential of ??*°Ac

There are a number of characteristics of the isotope ***Ac that make it appealing for use in
targeted alpha therapy (TAT). Most importantly, it has a half-life of 9.920 (3) days, which
is in the optimal range for medical radionuclides. This is long enough such that it can
be produced and isolated in a central facility, distributed, and used in treatments without
decaying too significantly. However it is not too long, such that it might remain in the
body for many years and do long-term damage. Furthermore, there are also no long-lived
decay products of ?*Ac, that could present a similar issue [22,24,49,50]. Actinium is
also advantageous from a bio-chemical perspective, in that there is established chemistry to
conjugate it to cancer targeting vectors, such as a monoclonal antibody, with widely available
chelators such as DOTA [146]. However research on this subject is still ongoing, to improve
the in vivo stability of such chelators [147].

Because ?*Ac can be bound to a targeting vector with a high affinity for cancer cells,
such as PSMA-617 [148], it has shown promising results from a series of preliminary clinical
trials in patients with metastatic castration resistant prostate cancer (mCRPC) [4]. Another
attractive feature of *?Ac is that it is a generator isotope for the *'*Bi alpha emitter, which
has also shown clinical potential to improve patient outcomes [9].

However the #*°Ac used in these trials was derived from a ?*Th “cow”, which slowly
produced **Ac from natural decay at a rate of less than 13 pCi per mg of ***Th, per day.
While this source provides a steady supply of high purity ?*Ac, it does not supply enough
to provide **Ac for widespread clinical use. It is estimated that approximately 800 pCi of
225 A¢ is required to treat a patient with mCRPC, and the number of such cancer patients is
in the hundreds of thousands per year, worldwide [35]. This means the requirements for the
global, yearly production rate of **Ac is in the hundreds of curies. The current estimated
supply of **Ac from ?*Th generators is about 2 Ci per year, which is not adequate to meet
this demand [32].

Alternative Production Pathways

The leading production pathway for large scale **Ac production is with high energy protons
on *?Th targets. The 232Th(p,X)225AC cross section is not very large, approximately 15 mb
at 200 MeV [36]. However, the long range characteristic of high energy protons means that
yields from this production route are quite high, and that this is a viable pathway to make
Curie levels of ?*Ac. The drawback to this approach is that it is not possible to make pure
225 Ac, free of the contaminant **"Ac with its 22 year half life. This contaminant has the
potential to cause long term side-effects, and as a long-lived activation product is a nuclear
waste concern.
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Irradiating radium targets directly with protons, to produce **Ac from the ***Ra(p,2n)
reaction is also a potential pathway, and has the advantages of high yields and also high
radio-purity [39]. However the challenges associated with directly irradiating a radium target,
which is highly radioactive and chemically hazardous, likely preclude this production route
from being pursued at a large scale.

The pathway proposed in this work is the **Ra(n,2n) reaction, which creates **’Ra, the
15 day precursor to 2*Ac. This pathway has a high reaction cross section, estimated by
TENDL at over two barns, and can be made completely free of ?*"Ac. It also avoids some
of the challenges of the **Ra(p,2n) route, as the high energy neutrons needed for the (n,2n)
reaction will not deposit a significant amount of heat in the radium target.

The main challenge associated with this pathway is selecting a source of high energy
neutrons comparable in intensity to large proton accelerators, that are commonly used for
isotope production work. Two conventional sources of high energy neutrons, that may be
considered, are deuterium-tritium (DT) neutron generators and fast reactors. Unfortunately,
while the DT neutron generator spectrum is ideal for **°Ra(n,2n), they do not have the
intensities required for this route to be competitive with other pathways. Conversely, fast
reactors have very high neutron intensities, but at too low an energy to be useful for this
reaction.

Instead, thick target deuteron breakup is a source of high energy neutrons, and can be
scaled up to the intensities required for isotope production. Deuteron breakup is a process
whereby a high energy deuteron beam reacts with a target nucleus to overcome its modest 2.2
MeV binding energy, and break into its constituent proton and neutron. In a thick target,
the outgoing protons will be stopped by Coulomb forces, however the uncharged neutron
will continue on with approximately half the incident deuteron energy. The probability of a
breakup reaction is quite high: a 40 MeV deuteron incident upon a thick beryllium target
will produce a neutron almost 10% of the time. Because deuteron breakup is so intense, and
the outgoing energy distribution is tunable (as it is approximately half the incident energy),
it is a great candidate neutron source for producing **Ac via the ***Ra(n,2n) pathway.

What is needed to optimize this pathway is a fundamental understanding of the outgoing
neutron spectra, as a function of energy and angle, as well as an accurate assessment of
the **°Ra(n,2n) cross section. Chapter [ provides an adjusted model, and a series of new
measurements, for the neutron spectra from thick target deuteron breakup. In this chapter,
we will perform measurements of the ***Ra(n,2n) cross section, with a deuteron breakup
neutron source.
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Existing Data

There is a single literature measurement of this cross section, performed by O’Connor et
al. in 1960, using a DT neutron generator [149]. The measured value was 1600 £+ 300 mb,
at a neutron energy of 14.5 MeV. Because the total neutron yield for thick target deuteron
breakup increases with increasing deuteron energy, a measurement of the cross section at a
higher energy would be useful in order to better predict ***Ac yields for this pathway. It
would also be good to have another measurement at an energy close to 15 MeV, to validate
the existing O’Connor data point. To accomplish this, we used deuteron energies of 33
and 40 MeV to measure these cross sections, corresponding to average neutron energies of
approximately 15 and 17 MeV, respectively.

As further motivation for new data, there is a rather significant discrepancy between the
ENDF evaluation, TENDL and the O’Connor data point [[125,[150]. At 14.5 MeV, TENDL-
2015 recommends a cross section of 1440 mb, whereas in ENDF/B-VIL.1 the value is only
546 mb. This comparison is plotted below in figure @ While the O’Connor data point is
much more consistent with the TENDL evaluation, further measurements would be valuable
in resolving this discrepancy.

4.2 Methods

For this measurement, we used the neutron activation technique, in which the reaction
cross section can be determined by quantifying the induced activity of the **’Ra reaction
product. To calculate a cross section with this method, we must accurately know the mass
of the sample, as well as the neutron flux incident upon it. The neutron source used in this
measurement was thick target deuteron breakup.

The main challenge that must be overcome in order to measure the induced ?**Ra activity
is that the **°Ra target is highly radioactive, creating a large background over which we must
be able to observe the **’Ra activity. The high radioactivity also prohibits the use of a large
target mass. For *?°Ra specifically, every gram of material has an activity of exactly one Ci.
In fact, this is the measure used to define the unit of a Curie.

In order to measure the **Ra production rate with sufficient accuracy, the **°Ra target
was bombarded with as high a neutron fluence as possible. This fluence was quantified using
neutron monitor foils, which were assayed by 7 spectroscopy. However, the ?*Ra could not
be assayed by 7 spectroscopy because of the intense y-ray background from ?*°Ra, and its
decay products. Instead o spectroscopy was performed to assay the *'Fr, 217At and **Po
decay products of ***Ra, which emit higher energy alpha particles than *°Ra or its decay
products, enabling them to be distinguished despite their lower decay rate.
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Experiment Setup

This experiment took place at the 88-Inch cyclotron, located at Lawrence Berkeley National
Laboratory (LBNL) in Berkeley, California [@] Two separate irradiations were performed,
the first using a deuteron beam with an incident energy of 33 MeV, with the second taking
place at 40 MeV. The 88-Inch cylotron is a variable-beam, variable-energy K=140 isochronous
cyclotron, which is capable of producing deuteron beams of up to 20 pA in beam current.
The cyclotron facility has several isolated beamlines, which are directed into a multitude
of experimental “caves”, which are surrounded by thick concrete radiation shielding (see
figure @) Both irradiations took place in Cave 0, which is considered the “high-level” cave,
because it is a generally well shielded location. Nevertheless, the beam current utilized in
this experiment had to be limited to below 5 pA, due to the intense radiation fields generated
by the breakup source.

N

Incident
deuteron
beam

Thick beryllium
breakup target

Figure 4.1: Rendering of the neutron production target used in the experiments, showing
placement of the 1 mg radium sample and monitor foils.

Each irradiation was performed with a Ra(NOs), salt target, containing 1 mg of **°Ra
each. These samples also contained approximately 25 pCi of a ***Ra impurity, or 91 ng,
which is less than 0.01% of the total mass. These radium samples were acquired from Oak
Ridge National Laboratory, where they were dried down into small grains of Ra(NO3), salt,
and flame-sealed into 5 mm diameter quartz ampules to prevent ***Rn contamination. This
ampule was then placed inside of a secondary plastic capsule, for safe handling.

The neutron fluence was monitored using a 1 mm, 99.999% purity nickel foil and a 0.5
mm, 99% purity yttrium foil, both purchased from Goodfellow Corporation (Coraopolis, PA
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15108, USA). Both foils were cut to 1 cm diameter disks, and their masses were measured
with a milligram balance. Prior to irradiation they were cleaned with isopropyl alcohol and
sealed in 3M 5413-Series Kapton polyimide film tape.

A new beamstop was designed and fabricated to accommodate the unique requirements of
this measurement. A cut-away rendering of the new beamstop can be seen in figure El], with
key components highlighted. This beamstop was designed to keep the radium target as close
as possible to the breakup source, but also outside of the vacuum beamline. For this design,
the radium was about 1.9 cm from the beryllium breakup target. To ensure adequate cooling
for this high-current irradiation, the target is securely clamped inside of the beamstop, and
a water cooling plate (not pictured) was also clamped to the back. Immediately behind the
slot for the radium capsule is a machined recess for placement of the neutron monitor foils.
The geometry for the two irradiations was identical, with the exception that only 4 mm of
beryllium was used for the breakup target in the 33 MeV irradiation, whereas 6 mm was
used at 40 MeV.

The entire beamstop was made with 6061-aluminum, for ease of fabrication and to min-
imize the production of any long-lived activities that would impede safe handling after the
irradiation. More details on the design and fabrication of the beamstop can be found in

appendix @

Irradiation

As previously stated, the goal for the irradiation was to maximize the total neutron fluence
on the radium targets. This was accomplished by irradiating the samples with as much
beam current as possible, for as much time as possible, and by minimizing the beamspot
size. The beam current was limited to under 5 pA to maintain radiation safety in the work
areas surrounding Cave 0. For the 33 MeV irradiation, the beam current was initially set to
10 pA, but after a radiation “hotspot” was found outside of the cave this was reduced to 1
pnA. Upon correction the beam was brought back up to about 5 pA. The 40 MeV irradiation
had a more stable beam current, but was limited closer to 4 pA. For both cases, the beam
current on the breakup target was recorded at approximately 5 minute intervals, and the
Bateman equations were used to correct for any variation.

The irradiation length was based on the time allotted by the cyclotron operations. The
33 MeV irradiation lasted 7.51 days, and the 40 MeV irradiation lasted 3.69 days. For both
cases, this was significantly less than the 14.9 (2) day half-life of ***Ra, so there were no
additional uncertainties associated with saturation of the > Ra activity.

Minimizing the beamspot size, and aligning the sample with the beam, were important
to increase the flux on the radium sample at a given beam current. A larger beamspot
will increase the average angle of emission relative to the small sample, an effect which is
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amplified by having the sample placed so close to the breakup target. Because the deuteron
breakup emission spectrum is highly forward focused, the difference in the relative angle of
emission will impact the flux significantly. Also, the geometric (1/7?) effects on the solid
angle cause a smaller beamspot to have a higher flux.

Y (mm)

Radium
Salt
Target

X (mm)

Figure 4.2: 2D contour plot of the beam intensity incident on the target, showing the signif-
icant angular spread relative to the radium sample.

Figure @ shows a scan of the beam profile incident upon the breakup target at 33 MeV,
that was acquired using radiochromic film (Gafchromic EBT3). The coordinates of the scan
are relative to the location of the radium sample. With the radium located only 19 mm from
the breakup target, the emission angle, and consequently the neutron spectrum, is highly
dependent on this beam profile. Also, the beam was not perfectly centered on the target,
which had to be corrected for.

In order to account for this, these beamspot scans were used to simulate the flux spectrum
witnessed by the radium sample and the monitor foils, using the hybrid deuteron breakup
model presented in chapter B This was also important to determine the neutron fluence over
the radium sample, as the value computed for the neutron monitor foils required correction
for the significantly different geometry.

Activation Analysis

Because ***Ra 3~ decays without any « or strong ~ emissions, there was an approximately
2-3 week waiting period after the irradiation for the in-growth of **Ac and its short-lived
decay products. This was also operationally required, as the ambient radiation levels in
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Cave 0 were too high for safe entry. Unfortunately, this meant that the ***Ra (¢, /2 = 3.6319
(23) d) produced by the (n,3n) reaction decayed significantly before the sample was analyzed.
Furthermore, because 2?*Ra was already present in the sample from the 2**Ra decay chain, the
additional ***Ra production through the (n,3n) reaction channel could not be quantitatively
measured within reasonable uncertainties.

Following the 33 MeV irradiation, the sample was initially assayed using v spectroscopy,
in an attempt to observe the 218 keV ~-ray from **'Fr decay (I, = 11.44 (12)%) and the
440.45 keV 7-ray from *"*Bi decay (I, = 25.94 (15)%). While the 440 keV 7-ray was visible,
the presence of a significant Compton background from the ?*Ra decay products (primarily
2MPh) meant that the systematic uncertainties associated with peak fitting were unaccept-
ably high for quantitative analysis. Fortunately, the results from « spectroscopy were much
more successful.

After about 20 days of decay time following the end-of-bombardment (EoB), the radium
samples were transferred to the Heavy Elements Research Lab (HERL) for « spectroscopy
and an actinium/radium chemical separation. The samples were taken out of the quartz
vial, and the Ra(NOj3)s was dissolved in weak nitric acid over a period of several hours.
A small aliquot was sampled from this solution, and baked onto a metal backing foil in a
very thin layer, using an inductive heater. This released any radon gas in the sample, and
consequently the °Ra decay products were not in secular equilibrium. This sample was then
counted at HERL using an ORTEC alpha spectrometer and digital MCA, over a period of
approximately 24 hours.

10% 1 Actinium-225

Decay Products

218pg

104 4
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Counts
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Figure 4.3: « spectrum of the radium sample after irradiation, with ?*>Ac decay products
highlighted in red.
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The « spectrum from the sample irradiated at 33 MeV can be seen in figure @ A
has multiple alpha branches near 5.8 MeV, which were mostly obscured by the tail of the
6.002 MeV 28Po peak. However ?2'Fr, 2'7At and ?**Po all have high energy alphas that were
clearly separable from the other **Ra decay products. Each peak was fit using a Gaussian
function with a two-component exponential tail, to account for the low-energy straggling.
These were used to quantify the **’Ra production rate, which is needed to calculate the
flux-averaged (n,2n) cross section according to the well-known activation equation

RpRa—225
NRa—226 ° <¢(En)>
Because the alpha spectrum was collected with only a small aliquot of the dissolved

(on2n) = (4.1)

radium target solution, the ***Ra activity was determined by calculating the ratio of **Ra
decays observed in the spectrum to the number of ?*Ra decays, and multiplying that ratio
by the known initial radium target activity. Because the number of radium atoms ng, 296
in equation @ is also proportional to the radium activity, the average cross section (o, 2,)
can be determined without the radium activity at all. This slightly reduces the systematic
uncertainty in the reported cross sections, although the radium mass would not have been a
very large source of uncertainty as it can be quite accurately determined by ~ spectroscopy.
The average neutron flux (¢(FE,)) was determined using the following monitor reac-
tions on the nickel and yttrium foils: "*Ni(n,x)*®*Co, " Ni(n,x)*'Ni, *Y(n,2n)*®Y, and
%Y (1,3n)¥™*8Y . These foils were counted on the same ORTEC GMX Series (model GMX-
50220-S) High-Purity Germanium (HPGe) detector that was described in chapter E The
detector energy and efficiency calibrations were performed using the following standard cal-
ibration sources of known activity, traceable to NIST: »?Eu, ¥Ba, ¥"Cs and %°Co. The
monitor foils were counted between 60-80 cm from the front face of the detector, to keep
the detector dead time below about 10%.
The neutron energy spectrum incident on the monitor foils was calculated via numerical
integration using the beamspot scans and the deuteron breakup model described in chapter
. This spectrum was then used to determine an average cross section for each of the monitor
reactions, and a flux value was determined for each channel. The average of these was taken
and multiplied by a correction factor, to account for the difference in flux expected between
the radium sample and the monitor foils due to the monitor foils being much larger than the
radium, and further away from the source. This corrected average flux (¢) could then be used
to determine the average (n,2n) cross section, for each of the 33 and 40 MeV measurements.
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Chemical Separation

Only a small aliquot from the solution of dissolved Ra(NOj3)y was used for preparing the
a spectroscopy target. The rest of the solution was then run through a resin based cation-
exchange column at HERL, to separate out the actinium from the bulk of the radium target.
The sample used in the 33 MeV irradiation was separated using a DGA column. The sample
from the 40 MeV irradiation was, however, split into two equal parts. One was again sepa-
rated using DGA [], and the other was separated with an AG50 column [152], in order
to compare the two separation techniques.

The separated actinium solution was then transferred back to the counting facility at
the 88-Inch cylotron, where the samples were counted over a period of several months using
the same detector described for the monitor foil assay. Because the samples were in liquid
form, a combination of a liquid ***Eu/***Eu source and Monte Carlo modeling were used to
correct for the effects of attenuation in the liquid sample. This correction factor was typically
between 20-30%, depending on the y-ray energy.

The purpose of the separation and counting was to search for any potential impurities
co-produced in the irradiation. While ?2"Ac production from 226Ra(n,fy) was the primary con-
cern, it is possible that **Ra could fission at the neutron energies present in this experiment,
creating radioactive fission products that could impact medical applications.

Activity (kBq)

25 30 35 40 45 50 55 60
Time (d)

Figure 4.4: Measured decay curve of the ***Ac sample after chemical separation through the
DGA column. Note that some spurious counts were seen from poor fits to the 0.167%, 324
keV peak in 2"*Bi, however these had a negligible impact on the resulting fit.

The separated **Ac was also compared to the **°Ac activity quantified by « spectroscopy,
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in order to determine the chemical recovery of actinium for the both columns. Figure Q
shows the decay curve fitted to the measured **Ac activities in the separated sample, from
the 33 MeV experiment. In this case t = 0 is the time that the chemical separation began.
The recovery of ?*Ra in the purified actinium solution was also measured, in order to
calculate the separation factor

A JA;(**°Ac)
 Ap/A("Ra)

where A; and Ay are the activities of each isotope in the initial, and final (separated)

SF

solutions, respectively.

4.3 Results

In spite of the large background activity from the ?*Ra target, the production rates of **Ra
were able to be successfully quantified with a spectroscopy, at an accuracy of about 10%.
These production rates, for the 33 and 40 MeV irradiations, are presented in table @ and
table @

Using equation {.1], along with the radium mass and the average neutron fluxes determined

respectively, along with some of the irradiation parameters for each measurement.

from the monitor foils, the average (n,2n) cross section was calculated for each irradiation.

The resulting cross sections are plotted in figure @, in comparison with the TENDL-2015
and ENDF/B-VIIL.1 evaluations, and the O’Connor measurement at 14.5 MeV.

Note that the mean energy in this plot was chosen to only account for the mean energy
of neutrons with E, > Eijresn, which is 6.425 MeV for the 226Ra(n,2n) reaction. This is
because neutrons lower than the threshold energy do not contribute to the **Ra activation,
and would therefore be improperly weighted. This was also done for the mean energies
reported in tables @ and YU.2. Also, the energy errorbar in the above plot represents the
+10 widths of the energy distribution, rather than the uncertainty in the mean energy.

Because flux-averaged cross sections can be somewhat difficult to interpret on their own,
a “recommended” cross section was derived from these results. To obtain this, a fitting
procedure was performed in which the TENDL cross section was multiplied by a two-term
logarithmic polynomial, the parameters of which were adjusted to best fit the measured
average cross sections. This is a somewhat arbitrary method for adjusting the cross section,
however it is useful for visualizing the changes to the shape and magnitude of the cross
section that best reproduce the experimental measurements. Also, to help visualize how the
measured average cross sections compare to the evaluations, the flux-averaged cross sections
for each library are plotted with an “x” of the same color. These averages are also reported
in tables @ and @.2.
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Figure 4.5: Measured **°Ra(n,2n)**°Ra cross sections, along with ENDF and TENDL evalu-
ations. The grey line indicates a “recommended” cross section based on the measured values.
Points marked with “x” show flux-averaged cross sections for each library. The x-error bar

in the the measured values represents the +10 widths of the neutron energy distribution
over the (n,2n) threshold.

The measured average cross sections were above either TENDL or ENDF for the 33
MeV measurement, and in between the two for the 40 MeV measurement. Based on this
and the “recommended” cross sections that were fit to the measured values, the TENDL
evaluation seems to predict this channel cross section better than ENDF. One theory for
why this might be the case is that the (n,2n) and (n,3n) measurements by O’Connor were
somehow reversed in the ENDF evaluation, as the ENDF value of 546 mb is quite close to
the (n,3n) measurement by O’Connor of 630 + 70 mb. Regardless of the reason, the fact
that the measurements support the TENDL cross section has a rather significant implication
for the *Ac yields from this pathway. If the ENDF cross sections were correct, raising the
incident beam energy much beyond about 40 MeV would have no increase in the ***Ra yield,
as the cross section for those higher energy neutrons would be almost zero. However because
this is not the case, it may be advantageous to operate this pathway at even higher incident
deuteron energies. This will be explored further in chapter é

It should be noted that the measured ***Ra production rates, per unit deuteron beam
current, per unit mass are approximately the same at both 33 MeV and 40 MeV incident
beam energies, at least within the margin of error. This would seem to be in contradiction
to the previous statement about operating at higher deuteron beam energies. However, this
discrepancy is likely due to a difference in beam-sample geometries, arising from the thicker
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DEUTERON-BREAKUP SOURCE 87
Deuteron Energy 33 (MeV)
Average Current 3.89 (pA)
Integral Current 701.9 (pAh)
Irradiation Time 7.51d
Decay Time 18.9 d
RRa-225 (348 + 037) x 10° (Sfl)
Produced **Ac 1.40 £ 0.15 (nCi)
Recovered *Ac (DGA) 0.84 + 0.01 (uCi)
226Ra Target Activity 0.813 £ 0.033 (mCi)
Recovered *Ra (DGA) 35.1 £ 0.4 (nCi)
Actinium Recovery 60%
Radium Recovery 4.3 x 1073 %
Ac/Ra Separation Factor 13900
Total Neutron Fluence  (4.26 £ 0.32) x 10'® (cm™2)
Average Neutron Energy 14.8 (MeV)
Measured **Ra(n,2n) XS 1227 + 160 (mb)
ENDF Average XS 990 (mb)
TENDL Average XS 1184 (mb)

Table 4.1: Irradiation parameters and results from the experiment at €; = 33 MeV.

beryllium target and differences in the beamspot between the two tunes. The end result is
that the effective solid angle of the radium target in the 40 MeV experiment was about 15%
lower than at 33 MeV. This effect is accounted for in the reaction cross sections.

The results of the y-spectroscopy assays of the separated *’Ac are reported in table
[1! and @ This includes the **°Ra and ?**Ac activities, both before and after irradiation,
which have been decay-corrected to the activities at the separation time, which is in turn
given relative to the EoB as “decay time” in the above tables.

The results of this showed a good separation factor for the DGA method, but a rather
poor separation factor for the AG50. In this case, the separation factor was the ratio of the
actinium to radium recovery. For DGA, the separation factor was about 14,000, averaged
between the two measurements. This is important if the (n,2n) pathway is to be considered
for medical purposes, as 2*Ra is long-lived, highly cyctotoxic, and cannot be tolerated in
the processed **°Ac solution. The separation factor for AG50, however, was only 12.7, which
is quite poor. In fact, more **°Ra activity was in the AG50 solution than ***Ac.

For all three separations, the actinium recovery was quite poor, at only about 40-60%.
Ideally, the recovery and the separation factor would be slightly better, however this requires
optimizing certain variables like the pH of the solution, or testing different rinse solutions
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DEUTERON-BREAKUP SOURCE 88
Deuteron Energy 40 (MeV)
Average Current 3.68 (nA)
Integral Current 326.8 (pAh)
Irradiation Time 3.69 d
Decay Time 20.8 d
RRa-205 (386 + 052) x 10° (Sil)

Produced **°Ac
Recovered **Ac (DGA)
Recovered **Ac (AG50)

?26Ra Target Activity
Recovered *Ra (DGA)
Recovered #°Ra (AG50)

0.77 + 0.10 (pCi)
0.143 + 0.002 (pCi)
0.168 % 0.003 (pCi)
0.999 4 0.034 (mCi)

12.8 + 0.6 (nCi)

17.7 4+ 0.2 (pCi)

Actinium Recovery (DGA) 37%
Radium Recovery (DGA) 2.6 x 107 %
Ac/Ra Separation Factor (DGA) 14500
Actinium Recovery (AG50) 44%
Radium Recovery (AG50) 3.5 %
Ac/Ra Separation Factor (AG50) 12.7
Total Neutron Fluence (2.93 +0.12) x 10% (cm™2)
Average Neutron Energy 16.6 (MeV)
Measured **Ra(n,2n) XS 860 + 117 (mb)
ENDF Average XS 797 (mb)
TENDL Average XS 1019 (mb)

Table 4.2: Irradiation parameters and results from the experiment at e; = 40 MeV.

and sequences, for example [[153,154]. The results of this optimization might also depend on
the relative concentrations of the actinium analyte and radium interferent. Unfortunately,
the low total mass of actinium in this study prohibited such an optimization, but should be
performed in the future if this pathway is to be pursued. However, the preliminary results
obtained here suggest that the DGA resin has a significantly better selectivity for actinium

than AG50.

Possible Contaminants

The main contaminant of concern for this production pathway is 2*’Ac, which could be
produced via ?*Ra(n,y) with neutrons that have thermalized in the cave shielding, and
returned to the sample. While the expected rates of this are low, and the **"Ac can be
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cleanly separated due to the short half life of the **"Ra parent (42.2 (5) m), it is still valuable
to attempt to quantify any that is produced.

While no #"Ac was seen directly, 0.51 £+ 0.04 uCi of ?*'Bi was observed via alpha spec-
troscopy of the 33 MeV samples. If this were from **"Ac it would have been easily visible in
the y-ray spectrum, however neither 2"Ac nor any of its decay products were observed in
the spectra from the separated actinium solution. Also, 0.64 4+ 0.04 uCi was observed from
the 40 MeV sample, a 25% increase despite the integral beam current being half what it was
at 33 MeV. This suggests that the ?''Bi originated from ***Ra decay, which is be produced
via the **°Ra(n,4n) reaction, rather than through *Ac decay. According to TENDL this
reaction cross section is expected to threshold at 20 MeV and peak at about 28 MeV, which
is consistent with the increased *''Bi activity for the 40 MeV measurement. While **"Ac
could still be present at very low activity levels, none was observed in either measurement
after several months of counting time.

Contaminants from fission were also a possible concern, as **°Ra fission has been reported
at excitation energies as low as 23 MeV [155]. However no fission products were observed in
the separated actinium solutions. Certain oxidation states of lanthanides have been shown
to exhibit similar chemistry to actinium, and could potentially be highly recovered by the
cation-exchange separation [156]. These usually have fission yields of several percent in
thorium, such as '*°La, however none were observed in the measured v-ray spectra.

Scaling Production

Based on the measured production rates, the ***Ac yields for this pathway scale at approxi-
mately 2.4 mCi/(mAh-gg,) at 33 MeV. This is assuming the irradiation time is short relative
to the **Ra half-life, and that the beam is not significantly attenuated by the radium sam-
ple. The effects of this will be explored further in chapter H While the beam current in
this experiment was limited to about 4 nA due to radiation shielding limitations, a purpose
built cyclotron, custom tuned to run high intensity deuterons, could conceivably operate at
currents up to 600 pA [157]. Also, because all the samples in this experiment were manipu-
lated by hand, only one milligram of radium was irradiated due to radiation safety concerns
with large quantities of radium. However, most large scale production facilities tend to have
remote manipulators and hot-cells surrounding their production targets, and could safely
handle much larger quantities of radium.

Many hospitals maintain an inventory of radium needles that historically were used for
brachytherapy [40], which typically contain 10-100 mg of radium. These are generally con-
sidered waste, and could be collected and repurposed as production targets relatively easily.
If, however, radium were in short supply, it is part of the **®*U decay chain and could be chem-
ically removed from uranium ores. However this is obviously a much more costly approach
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than repurposing radium waste products. Either way, it is not unreasonable to assume that
a target of 10 grams of radium or more could be collected into a production target. Because
the radium in this production pathway will not be significantly heated by neutrons, the
chemical form of this target could be quite flexible.

Based on a scaling of our measured production rates, a 10 gram radium target irradiated
at 33 MeV with a 600 pA deuteron beam over 5 days would produce 1.73 Ci of ***Ac. In our
experiments, the radium sample was placed approximately 20 mm away from the breakup
target. In an engineered production target, the radium could likely be located much closer,
which would increase the neutron flux due to the larger solid angle. Realistically, with
internal water cooling of the target, the radium could perhaps be located 10 mm from the
source, which would raise the yields to 7 Ci. However if the beamspot is large, which may
be required to operate at such high beam currents, the effect of moving the radium closer
may not be as significant. The impact of the beamspot size on the yields will be investigated
further in chapter H Also, this 7 Ci estimate is based on a single **’Ac extraction from
the target. Because **’Ra will continuously feed into #*°Ac, multiple extractions could be
performed, potentially doubling the total amount of **’Ac that can be recovered. At this
order of magnitude, the ***Ra(n,2n) pathway is very compelling for producing ***Ac for
widespread clinical use.

4.4 Conclusions and Future Work

We have demonstrated the viability of this pathway to produce ***Ac, with a high radiopurity,
and have performed an initial exploration of the chemical processing steps required to extract
2% Ac from a radium target. While the scaling of this pathway will be considered further
in chapter B, the initial results suggest that this pathway could be used to produce ?*Ac
in quantities relevant to widespread availability for research and treatment. The results
suggest that a beam current on the order of 100-500 pA and a radium target on the order
of 10 grams could accomplish this. The technical challenges related to this pathway are
relatively straightforward, mainly concerning radiation shielding and remote target handling
of a larger radium target, and optimizing the breakup target design such that the radium
sample can be located as close as possible. In future target designs, it may be advantageous
to use a recirculating liquid lithium target, as it could sustain high currents and produces
about 30% higher neutron yields per incident deuteron than beryllium. An example target
of this sort is the LiLit neutron production target at the SARAF facility [118§].

Future work for this pathway should be focused on understanding how to scale up the
production. There are two main areas where improvements could be made. One is on
understanding how the mass and geometry of the target affects the production scaling. This
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will be investigated in chapter B, however the effects of elastic and inelastic scattering within
a large target are sources of uncertainty. Also, the yields could potentially be improved
by using a neutron reflector. However depending on the design, this could also create a
significant thermal neutron flux, which would lead to the production of more #*"Ac through
the (n,y) reaction.

Experimentally, understanding the behavior of the target geometry and mass scaling
could be studied using a surrogate target of a similar atomic mass, such as thorium, that
is simpler to work in a lab setting in larger quantities. Additionally, more detailed studies
of the radium/actinium separation chemistry should be performed, to improve the actinium
recovery, and the separation factor. This could be optimized using **"Ac, as it is relatively
more available, and longer lived than **’Ac. This may include optimizing the load pH,
evaluating different rinse solvents and sequences, and testing various cation exchange resins.
While this type of optimization has been performed for radium/actinium samples that were
produced from thick target thorium irradiations [154], the relative concentration levels of
the two elements was very different than what is relevant to ?*Ac production routes using
radium targets.
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DEUTERON-BREAKUP SOURCE

Relevant Nuclear Data

Isotope « Energy (keV) I, (%) T o
*20Ra 4601 6.16 (3) 1600 (7) y
4784.3 93.84 (11)
210pg 5304.3 100 138.376 (2) d
228Th 5340.36 26 (1) 1.9125 (9) y
5423.15 73.4 (5)
*2Rn 5489.48 99.92 (1)  3.8235 (3) d
*Ra 5685.37 94.92 (5)  3.6319 (23) d
#8pg 6002.35 99.9789 (23) 30.098 (12) m
*Rn 6288.08 99.886 (17) 55.6 (1) s
21Bi 6622.9 83.54 (14) 2.14 (2) m
2Ey 6341 83.4 (8) 286.1 (10) s
#6pg 6778.3 99.9981 (3)  0.154 (2) s
HTAL 7066.9 99.89 (1) 32.3 (4) ms
215pg 7386.1 99.99977 (1)  1.781 (4) ms
2pg 7686.82 99.9895 (6)  163.6 (3) ps
#3pg 8376 100 3.72 (2) ps
#12pg 8784.86 100 0.299 (2) ps

Table 4.3: Principle a-emission data from ENSDF [20-22,49,50,158-166].
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Chapter 5

Comparing 22°Ac Production
Pathways

HE intention of this chapter is to attempt a fair comparison between the myriad

of possible production pathways for **Ac. There are many things to consider

when judging the performance of an isotope production route. First there is

the total yield of the isotope of interest. Then there is the radiopurity, which
is important in nuclear medicine for minimizing unnecessary dose to patients. Another
consideration is whether the isotope can be made carrier-free, with a means of separating
out unnecessary stable isotopes either through chemistry or otherwise. This is not likely
to be a significant concern for *°Ac, most isotopes in the same mass region are relatively
short-lived, but is important for other isotopes. Fission is likely to be a concern for isotopic
purity in this mass region, and may significantly complicate the chemical recovery of **Ac.
The co-production of long-lived nuclear waste may also be a factor in evaluating a pathway,
depending on the scale of production. These considerations are mostly based on the physics
of the nuclear interactions of the beam with the target, and can be evaluated without very
specific knowledge of the isotope production facility itself. It is upon these merits that we
will be primarily evaluating each pathway in this chapter.

There are, however, many other considerations specific to an individual production facility
that may outweigh these factors when determining the “best” pathway for a given facility.
The foremost, and most difficult to evaluate on a scientific basis, will probably be the cost.
There are also many engineering considerations when performing isotope production at a
large scale. The target cooling could be a significant limitation for certain pathways, as
these requirements depend on the target material and the intended scale of production. Some
facilities may choose not to handle certain targets, either because of the target’s chemical
properties or its radioactivity before or after irradiation. Lastly, as these pathways may
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not utilize the whole range of the beam, it is challenging to compare the potential for co-
production of other desirable radionuclides. Because these considerations vary depending
on the facility, it is impossible to make claims about a “best” production pathway for *?°Ac,
absent other considerations. Instead, the goal of this chapter is to examine the general trends
in each production pathway under a similar set of operating conditions.

To achieve this, it was decided to compare the yields of each pathway at a constant beam
power of 25 kW. This constraint was chosen because the ultimate engineering limitation
when scaling up isotope production is the amount of heat that can be dissipated from the
target, which primarily depends on the total beam power. This leads to a general trend
among accelerators for isotope production, that high energy facilities tend to run lower
beam currents than low energy facilities (and vice versa) [B2]. 25 kW was chosen as the
reference beam power, because this is the rated beam power of the Los Alamos Neutron
Science Center’s Isotope Production Facility (IPF) [92]. Seeing as the rated beam powers
of several large scale isotope production centers provided by ref. [32] cover the 10-60 kW
range, 25 kW can be justified as a realistic median value for this comparison. It should be
noted that another fundamental constraint is the linear heat generation rate, which depends
on the stopping power of the beam in question within a given material. This will limit the
maximum permissible beam power for certain pathways. However, when determining the
“optimum” production energy for a specified beam and target combination, this effect can
be largely neglected.

In addition, because multiple target materials were compared, and the relative energy
deposition within each target varies significantly for each approach, a basic thermal com-
parison was performed. Again, the exact thermal constraints for a given pathway will be
unique to each facility, but this comparison is useful for understanding the relative difficulty
of target cooling for each approach.

5.1 Introduction

Actinium-225 is a rare, challenging isotope to produce because it is not a decay product
of any significant naturally abundant actinides, and there are no stable targets of a similar
atomic mass from which to produce it. **Ra is the closest target material that could likely be
obtained in gram to tens of gram quantities, however it is highly radioactive and chemically
hazardous as well. Natural thorium is probably the nearest target that could be obtained in
bulk (kilogram) quantities, and is not a dangerously radioactive target to prepare. Although
there are a few other possible target materials (e.g. ***Ra, #**Th, *Th), they are not likely
to be available at the same level as radium and thorium, so we will limit this comparison to
pathways using *’Ra and ?**Th targets [32].
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We will split the different pathways into two categories, direct and secondary particle
pathways, mostly based on the calculation methods associated with each comparison. For
direct production pathways, an accelerated charged particle beam impinges directly on the
radium or thorium target, whereas for the secondary particle pathways the incident beam
impinges on a conversion target, and a beam of secondary particles is produced that goes
on to react with the isotope production target. For direct production, thick target yields
are relatively simple to compute, as they only depend on the production cross section, the
areal density, and the stopping power in the target. For the secondary particle routes, the
angle and energy distributions of the secondary particles must be well characterized, and the
yields are dependent on the beam geometry, target mass and target geometry.

5.2 Direct Production Pathways

A common way to report thick target yields for a given pathway is in units of activity per
unit charge, e.g. Ci/pAh. Since we would like to make a comparison at a fixed beam power,
we will instead report the thick target production rates R as a function of energy, and any
other variables of interest. The production rate R, which is equivalent to the saturation
activity, can be determined for a direct production pathway with the equation

Einc —
R=pndy [ ote)(52) e, (5.1)
where py = p- N4 /M is the number density of the target, de,/dx is the stopping power
in MeV /cm, o is the production cross section, and I, is the proton beam current in units of
particles/sec. Because this comparison is being performed at a fixed beam power, the beam
current is inversely related to the incident energy by I, = P/(e - Ejne).

This relationship provides a better indication for the optimum incident energy of a given
production route than a typical thick target yield calculation. Because of the cumulative
nature of thick target yields, the production rate always increases with increasing energy (for
a fixed beam current). This would seem to indicate that the optimum energy is always the
highest energy. However because beam power is often a fundamentally limiting engineering
constraint, a lower beam energy of a proportionally higher intensity may have a higher yield.

Based on Eq. , this point of optimum energy depends on two factors: the energy
dependence of the cross section, and the stopping power. At high energy, proton stopping
powers are proportional to 1/3% oc 1/E. This means that at a fixed current, the saturation
activity tends to increase proportional to E?2

mce?

or proportional to E;,. for a fixed beam power.
For the cross section, many reactions will have a characteristic compound peak, above which
the cross section drops rather significantly. This will impact the optimum production energy.
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However, not all reactions will demonstrate this behavior, particularly if they have high
energy thresholds.

The three direct production pathways evaluated here are ***Th(p,x)***Ac, ***Ra(p,2n)**°Ac,
and 232Th(p,4n)229Pa for the production of the **Ac generator isotope ***Th. There were
a few other pathways considered, but left out of the comparison for the sake of brevity.
The ™ U(p,x)**Ac pathway shares many of the same characteristics as the ***Th(p,x) ap-
proach, but has about a factor of 10 lower cross section, and no obvious advantages. The
20Th(p,2n) [167], **Th(d,3n) and ***Th(d,5n) reactions have many of the same character-
istics as the 232Th(p,4n), however °Th is much less abundant than ***Th. According to
TENDL **Ra(d,3n)?**Ac may have a larger cross section than the (p,2n) approach, however
there is no literature data to support this.

22Th(p,x)?** Ac Pathway

The advantage of the ***Th(p,x)***Ac pathway is that reasonably high yields of **Ac can be
produced, without the engineering or safety concerns associated with a radium target. This
is particularly true for higher energy proton accelerators. Thorium is also a widely available
material, and may not need to be reprocessed after each irradiation. From an engineering
perspective, high currents can reasonably be run on a thorium target, as thorium metal (the
preferred form for this application) has a thermal conductivity of £ = 54 W/m-K, and ThO,
has £ = 20 W/m-K [168]. As many isotope production centers are based around high energy
proton accelerators, this approach is particularly well suited to the existing infrastructure.

Multiple experimental measurements of this reaction channel have been performed, as
shown in figure El] The TENDL (2015) prediction for this channel was systematically a
factor of ~2.5 times higher than what was observed experimentally, and was scaled down
by a factor of 0.4. There was also a peak in the TENDL prediction at about 50 MeV,
corresponding to the ***Th(p,a4n) partial cross section, that does not seem to be reproduced
by experiment. While this reaction cross section of about 5-15 mb is relatively low, the range
of high-energy protons is significant enough to make this reaction channel compelling for large
scale production.

Unfortunately, the cross section for the production of **"Ac is almost as large. Figure
@ again shows a comparison of the literature measurements to TENDL-2015. There is a
similar scaling factor of 0.4 that had to be applied to the TENDL cross section to better
agree with the experimental values. **"Ac is the primary contaminant of concern with **°Ac
alpha therapy, as it is the only long-lived actinium isotope (t1/2 = 22.772 (3) y). Depending
on the long term bio-kinetics of chelated actinium, the presence of **?Ac may (or may not)
represent a risk for clinical use. There will also be significant fission product contaminants
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Figure 5.1: Measured and evaluated cross sections for the ***Th(p,x)***Ac reaction. TENDL
has been multiplied by 0.4 to better reproduce the experimental data.

produced by the high energy proton reactions on ***Th, however most, if not all of these can
generally be chemically separated out from the final actinium solution, unlike **7Ac.

Based on these cross section values, >”Ac atoms will be produced in an approximately 2:3
ratio to ***Ac, comprising 0.047% of the total activity. This ratio will change as the atoms
decay; 10 days after irradiation **"Ac will represent a 0.067% radio-impurity, for example.
At these impurity levels the dose rate from #*’Ac will not be very high, however if it is not
cleared from the body the integrated dose over a patient’s lifetime could be very significant.
Long term studies on the bio-distribution of **’Ac used in TAT molecules have yet to be
performed to determine if this is a significant concern.

The 25 kW yields for this pathway as a function of proton energy can be seen in figure @
Very little **Ac is produced below 50 MeV, however the saturation activity grows roughly
linearly with energy due to the dependence on the proton range. At 100 MeV the saturation
activity is approximately 14 Ci, and it reaches about 40 Ci at 200 MeV. It’s worth noting
that the feature between 50-60 MeV is due to the (p,a4n) peak in the TENDL evaluation,
and is not reflected in literature data.

At these production levels, this pathway is quite compelling for the production of ?*>Ac.
Pre-clinical trials suggest that **’Ac alpha therapy for treatment of metastatic castration-
resistant prostate cancer (mCRPC) requires about 100-200 pCi per treatment cycle, and
a patient may undergo 24 cycles [10]. For mCRPC in the United States alone, several
tens of thousands of patients could benefit from this treatment every year [35]. This puts a
minimum estimate for production requirements at several 10’s of Ci per year, which could
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Figure 5.2: Measured and evaluated cross sections for the *Th(p,x)?*"Ac reaction. TENDL
has been multiplied by 0.4 to better reproduce the experimental data.

very reasonably be produced using the 232Th(p,X)Q%Ac production pathway.

226Ra(p,2n)**°Ac Pathway

The **°Ra(p,2n)**Ac production pathway has the advantage of relatively high yields per
unit of proton beam current, due to the cross section, and is produced free of significant
impurities such as ?*’Ac. It also has the advantage of being compatible with lower-energy
proton accelerators, which could enable local **Ac production. The disadvantage is that
radium is a challenging target material, particularly for a direct proton irradiation which will
dissipate a significant amount of heat. This will likely limit the total production capability,
and may require significant target engineering that would discourage local production.

Because of the relatively high yield of this pathway, one might consider local production
with a low intensity beam, so as to avoid the target heating concerns. However radium is a
rare, expensive and dangerous material. The range of 40 MeV protons in radium metal is
about 7.1 mm. Therefore a production target with a 1 cm radius would require 11 grams of
radium. Unshielded, 11 grams of **Ra would have a v dose rate of 109 R/hr, 30 cm from
the target, which is a significant hazard. Additionally, acquiring 11 grams of radium for a
large number of local production sites is not likely feasible with the current supply. For these
reasons, this pathway is probably best considered for regional isotope suppliers.

Figure shows fairly good agreement between the cross section predicted by the 2015
TENDL evaluation and the single measurement of this channel performed by Apostolidis
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Figure 5.4: Measured and evaluated cross sections for the **°Ra(p,2n)**°Ac reaction.

et al. in 2005 [B9]. The compound peak, centered around 15 MeV, has a maximum cross
section somewhere between 600-700 mb, which is significantly larger than the 5-15 mb of
the **Th(p,x) channel. Despite the shorter range of these low-to-medium energy protons,
this means the total ***Ac yields at 25 kW beam power are quite high.

Figure @ shows these yield calculations at 25 kW beam power, over the 10-40 MeV
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Figure 5.5: Calculated **°Ac yield for the **Ra(p,x) production pathway, at a fixed beam
power of 25 kW.

proton energy range. These calculations show that at a fixed beam power, the optimum
proton energy for this pathway is just under 20 MeV. The **Ac saturation activity at this
energy is just over 150 Ci. This was assuming pure elemental radium. Because elemental
radium is extremely reactive, a more realistic target will be made of some radium compound,
which will decrease these yields somewhat. While these production rates are greater than
those of the ***Th(p,x)**°Ac pathway, the challenges associated with directly irradiating a
radium target at 25 kW will likely limit this approach significantly. Additionally, the risks of
a loss of target containment to a large accelerator facility, which may have many other users,
is an operational concern that some may decide outweigh the benefits of this approach.

Thermal Considerations

The total beam power that can be safely dissipated by the target is determined by a maximum
permissible temperature rise, such that the target material does not melt, sublimate, or
undergo any other type of phase change that might alter its thermal or chemical properties
significantly. Without focusing on a specific target design or cooling configuration, we can
still gain some insight about the limitations surrounding target cooling using the steady-state
heat equation in one dimension:
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where k is the thermal conductivity of the target, ¢(x) is the distribution of the volumetric
heat flux, and wu(z) is the 1D temperature distribution in the target. For a slab centered
at © = 0 with a homogeneous volumetric heat source ¢(z) = ¢ and constant temperature
boundary conditions, the temperature distribution in the target will be given by the following
solution:

u(x) = up — %xQ

where the temperature u(z = 0) = vy is a constant.

Intuitively, this shows that the maximum temperature is in the center of the slab. If our
target is a cylinder with radius r and thickness ¢, absorbing a total beam power P, the
volumetric heat flux is given by q = Ps/(nt - r?). Plugging this into the equation for the
temperature distribution gives a maximum temperature change of

- th - Pabs -t
8k 8k -r?
where Au = ug—u(x = t/2) is the difference between the “hot-spot” and the temperature

Au

at the slab boundaries. Re-arranging this equation will give the maximum beam power that
can be permissibly absorbed by the target while keeping the maximum temperature rise
below a certain value:

8k - r?
t
There are several basic insights that can be gained from this relation. The first is that

Poroz = Au -

the power can be increased if it is distributed over a larger area (r?) and if the target is thin
(1/t). For the ***Ra(p,2n) production route, almost no **Ac is produced below 10 MeV,
so the target does not need to be as thick as the full range of the incident proton beam.
Next is that the choice of chemical form for the radium will have a very large impact on the
maximum power, as it determines the maximum permissible temperature rise (based on the
melting point, for example) and the thermal conductivity.

Unfortunately, little data exists for the thermal conductivity of radium, other than ra-
dium metal which is 18.6 W/m-K. However pure radium metal is not suitable due to its high
chemical reactivity in air, so the most likely target material will be a powder of radium salt,
such as RaCly or Ra(NOg3)s. The thermal conductivities of salts are generally very poor,
even in aqueous form. For example, pure calcium has a thermal conductivity of 200 W/m-K,
however CaCl, salt has a thermal conductivity of about 0.5 W/m-K, and aqueous CaCl, has
a thermal conductivity only about 50% higher, depending on the concentration [169]. Some
authors have suggested that radium could be smelted into a hexaboride ceramic, RaBg,
which is likely to have very good thermal properties [42], based on similar behavior from
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chemically similar hexaborides. For example, lanthanum metal has a thermal conductivity
of 13.4 W/m-K, however LaBg has a thermal conductivity of 47 W/m-K, and also a melting
point of 2528 K [170]. If this is possible with radium, it could make this particular pathway
much more compelling.
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Figure 5.6: Measured and evaluated cross sections for the **Th(p,4n)?*Pa reaction. TENDL
has been multiplied by 0.4 to better reproduce the experimental data.

For an example calculation, consider a tightly packed radium chloride target, with a
thermal conductivity of 1 W/m-K. With an incident proton energy of 20 MeV, a 1.3 mm
thick target would cover the 10-20 MeV range, which contains most of the reaction cross
section. Using a target containing 10 grams of *°Ra, the target diameter would be about 5.1
cm. If the maximum permissible temperature rise were 50 K, this would limit the absorbed
beam power to no more than 0.635 kW, with a total incident beam power of 1.27 kW. The
225 A¢ saturation activity in this example is 6.6 Ci, which is still quite compelling, but is
considerably less than the 150 Ci activity predicted without regard to thermal constraints.

#2Th(p,4n)**’Pa Pathway

The motivation behind pursuing this pathway is to produce ?*Th, the 7932 year generator
isotope of ***Ac. **Pa has a half-life of 1.50 (5) d, and decays to ***Th with a 99.52%
branching ratio. There are several steps required to isolate the ***Th with a high radiopurity.
Due to the 1.5 day half-life of *Pa, the irradiation time time can be relatively short; ***Pa
would reach 75% of its saturation activity within 3 days, for example. A Pa/Th chemical
separation should then be performed as quickly as possible, to isolate the **’Pa. The isotopes
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*®Pa (t1/2 = 22 (1) h), *Pa (t1o = 17.4 (5) d), **'Pa (t1/2 = 3.276 x 10* (11) y) and ***Pa
(t1/2 = 1.32 (2) d) will also be significantly produced, depending on the incident energy, and
will be present in the separated Pa solution.

Following several half-lives of *°Pa decay, another Pa /Th separation should be performed,
this time keeping the thorium. The reason these steps are needed are both to separate ***Th
from the bulk thorium target, and to eliminate any 2*'Pa from the final ***Th solution, as it is
a long-lived generator of the contaminant isotope ?*’Ac. The other short-lived protactinium
isotopes will beta-decay into thorium isotopes that do not present a significant problem for
the actinium radiopurity.
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Figure 5.7: Calculated **’Pa yield for the ***Th(p,4n) production pathway, at a fixed beam
power of 25 kW. Note that the #**Ac activity will be much lower due to the long half-life of
229Th.

In figure @ the measurements of this channel by Jost et al. are compared to the 2015
TENDL evaluation [171]. The TENDL data once again needed to be multiplied by a factor
of 0.4 to better reproduce the experimental data. Using the TENDL cross section, figure
@ shows the calculated thick target yields of ***Pa. Based on this, the optimum energy for
this production pathway is approximately 40 MeV. This presents an interesting opportunity
for synergy between this pathway and the ***Th(p,x)***Ac route. Below 40 MeV, very little
22 Ac is directly produced in thorium. This means that the target could be split into two
sections, one for the direct production of ***Ac at high energy, and one for the production
of #Th at lower energy.

Unfortunately, the activities of *Ac that could be extracted from the ?*Th generator
produced by this pathway are very low. From a cost perspective, it may be preferred to use
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Figure 5.8: (left) Decay curve for the **Pa decay chain, following a 3 day irradiation. Only
direct production of the parent isotope **’Pa is included in this calculation. (right) Charac-
teristic in-growth of *>Ac from a ?*Th source, starting with zero ***Ac activity.

the < 40 MeV protons for producing other isotopes. However there is a strong argument in
favor of creating a stockpile of the ?*Th generator, which can provide 2?*Ac to patients even
in the event of a major supply disruption, such as an accelerator shutdown.

Figure @ plots the decay curves for the **’Pa decay chain following a 3 day irradiation
at 40 MeV and 25 kW (625 A). On the left, it can be seen that the initial **’Pa activity
is very high: 52.6 Ci at end-of-bombardment (EoB). Also, note that the ***Ac activity is
initially higher than **Th and #*’Ra because it is a product of the 0.48 (5)% a-decay branch
from ?*Pa. After a 15 day decay time (10 half-lives), essentially all of the **Pa has decayed
into ***Th, which will have an activity of 1.08 MBq or about 29 pCi.

As can be seen from the plot on the right of figure @, this ***Th stock will produce
about 0.7 MBq (18.9 nCi) of **Ac after 15 days of in-growth, or about 0.95 MBq (25.6
nCi) after 30 days. This is much too low to meet the total demand for **Ac. Even though
225 Ac is continuously replenished after each separation, and every irradiation increases the
rate at which ?*Ac grows in, the rate of production is much too low. It is estimated that
there is currently about 150 mCi of ***Th supply in the United States, and about 350 mCi
globally [32]. To match even the current US supply, which itself is considered insufficient for
widespread treatment, would require over 5,000 of these 3-day, 625 pA irradiations (at 40
MeV), or 41 years of continuous irradiation. Over that same time period, the approximately
428 kg of ***U stored in Oak Ridge National Lab’s Building 3019 will have produced about
16 Ci of **Th through natural decay [172].
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5.3 Secondary Particle Production Pathways

In an isotope production pathway based on secondary particles, the purpose of the primary
charged-particle beam (from the accelerator) is not to directly transmute the target into the
isotope of interest. Rather, the goal is to convert it into another, secondary particle, such as
a photon or neutron, that then reacts with a separate target to produce the isotope. While
the secondary particle beam will have a reduced intensity compared to the primary beam,
there are two main advantages to this approach. In the MeV energy range relevant to isotope
production, both neutrons and photons will have a mean path length through the target that
is much longer than a charged particle of an equivalent energy. This means larger sample
masses can be utilized, corresponding to higher net production rates. Additionally, there
may be situations in which the production cross sections of the secondary particle pathways
are higher than for the direct pathways, particularly for neutron reactions which can peak
at over 2000 mb for reactions like (n,2n). Additionally, both photons and neutrons will have
a much lower heat deposition rate in the production target than charged particles, which is
important for materials that are either sensitive to heat or which are poor conductors, such
as radium salt targets.

The main drawback to the secondary particle approach is the reduced intensity, and
average energy of the secondary particle field compared to the incident beam. There may
also be challenges with shielding high-energy photons or neutrons, both of which typically
lead to an intense field of thermal neutrons that could activate components in the accelerator
facility, or more importantly, induce adverse reactions in the target.

Designing the geometry of the production target is also more complex with secondary
particle pathways. Direct production pathways generally have a well collimated beam, for
which it is relatively straightforward to calculate the energy and angle distributions in the
target. Secondary particle pathways, on the other hand, have flux distributions with a strong
angular dependence. A simple cylindrical target may not be the most optimal geometry.
Also, if the secondary pathway makes use of a large target, which is advantageous from a
total yield perspective, scattering and attenuation within the target must be accounted for.
Because of this, understanding the secondary particle source distribution is very important
to optimizing and accurately predicting the yields for these pathways.

The two secondary particle pathways for **Ac production that were considered in this
comparison were **’Ra(n,2n)**Ra and **°Ra(y,n)**’Ra. The neutron source chosen for the
(n,2n) pathway was thick target deuteron breakup, because it was found to have a much
higher intensity than other sources in the appropriate energy region (6-20 MeV). The photon
source chosen for the (y,n) pathway was thick target Bremsstrahlung. While there are
more intense photon sources, making use of exotic techniques such as inverse Compton-
scattering of free-electron laser pulses [[173], Bremsstrahlung photon sources are much more
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commonplace and still suitable to the application.

The model for the neutron yields from thick target deuteron breakup has been described
extensively in chapter E Because the measurements and modeling were mostly focused on
a beryllium target, that is the target material used in the simulations performed for this
comparison. However to attain the highest neutron, and consequently ***Ac yields, a liquid
lithium target would be a better choice for a large scale production facility. The calculation
method for the thick target Bremsstrahlung spectra was mostly derived from the work of
Mordasov et al. [174], but with with some modifications taken from other authors to better
reproduce experimentally determined photon spectra.

Calculating Thick Target Bremsstrahlung Yields

Bremsstrahlung, derived from the German “bremsen” (to brake) and “strahlung” (radiation),
is an electromagnetic process which causes electrons to emit photons as they are decelerated
in a material. While the elementary spectrum of photons emitted by an electron decelerating
parallel to its direction of motion is relatively straightforward to derive from classical elec-
tromagnetism, there are a number of factors complicating the calculation of this spectrum
for a thick target.

The first to consider is the angular distribution of electrons in the target. While most
electrons will only undergo small angle deflections, because they can scatter off of other
electrons very wide angle deflections are possible. The angular distribution will also broaden
as the electrons traverse the target, so the resulting photon spectrum cannot simply be
assumed to be cumulative with increasing electron energy, as was the case with deuteron
breakup. The other main complication is that the electrons are traversing screened Coulomb
potentials. Because the “exact” solution to the Dirac equation for electrons traversing a
screened Coulomb potential requires the wavefunction be represented by an infinite series,
the bremsstrahlung cross section cannot be analytically calculated [175]. Instead, there are a
number of approximations and semi-empirical formulas for this cross section. Unfortunately,
there is no “universal” formulation, and each approximation generally has a limited range
of energies and targets for which it is valid. Many of these semi-empirical cross section
formulations have been compiled in the work of Koch and Motz [175], and were used for the
bremsstrahlung calculations in this comparison.

Temporarily neglecting the effects of angular straggling, the general formula for cal-
d?o(ke,0)

culating thick target photon yields from a given bremsstrahlung cross section =g == is
2l

determined by the following integral:

d?Y (E,,T.,0) py [T d?0 (Ke, 0) sdEey -1
dE,, d _?/o TR =008, () dne
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where the variables 7., E, and ¢ are the incident electron energy, and the outgoing
~-ray energy and angle, respectively. 7(k.) is the probability for the incident electron to
be transmitted to an energy k.. n(E,) is the probability for a photon of energy E., to be
transmitted through the remainder of the target thickness. py = % is the number density
of the target, e is the electron charge, and % is the electron stopping power in the target.
Also, these photon yields are usually given in units of photons/(nC-MeV-Sr).

To numerically implement this solution, we make the following substitutions. The thick
target of total thickness D is split into N sections of equal thickness Ad. Mordasov et
al. [174] suggested the following relation for the elementary layer thickness Ad, applicable to

a wide range of targets and incident electron energies

(Z +10)(T. + 10)
84 x 10* (MeV)

where X is the characteristic radiation length of photons, given by the empirical relation

Ad= Xy -

1433 A
P Z(Z+1)- (11.319 - In(2))

Xo (cm)

with the units of p in g/cm3.

Additionally, as the bremsstrahlung cross sections we will be using from Koch and Motz
[175] (derived from the earlier work of Schiff, Bethe and Heitler [176-178]) are only energy
differential cross sections, we will split the double-differential cross sections into separate
energy and angle components:

2
1
dolre,0) _dolre) 1 pg )
dQdE, dE, dn

This gives us the following numerical expression for the thick target yields

dQY(E'yaTeae) PN 1 N d0</€i)
W B EggT(ﬁl)n(EV) dE,Y P(ea ’ii)Adi,eff

Note that Ad has been substituted for Ad; s in order to account for the effective thick-
ness covered by the electron beam going through an average straggling angle 6., due to

multiple scattering in the target material. Mordasov gives this the following empirical for-
mula [174]

Ad

cos(,/1.5 : 951)

The average electron angle 6, was taken from Moliere’s theory of multiple scattering [179]
to be

Adz,eff -
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where . is the electron rest mass energy mec? in units of MeV, W is Lambert’s W
function, d = p - 34 Ad is the thickness of the target traversed by the electron at energy ;,
in units of g/cm?, and the parameter 32 is given by

=1 (2 )

The electron energy in the i’th layer, x; is determined by

dk
Ki = Ki—1 — Adi_1 e < Ki— )7 121
| vers{ g (Fie1) 2
with ko = 7., where 9 is the total electron stopping power. For this work, the collisional

dx
and radiative stopping powers were taken from the formulas given by Turner [[15].

The electron attenuation parameter 7 represents the probability that an electron of in-
cident energy T, will be transmitted to a particular energy x;. It can also be represented
in terms of the traversed thickness d;. Figure @ shows the dependence of this parameter
on the energy loss, and equivalently the target thickness, for various incident electron ener-
gies on a tungsten target. The general behavior is that the electron beam is significantly
attenuated: at the point the electron beam is at half its incident energy the beam has been
attenuated by approximately 60%. This is very different from the systematic behavior of
deuteron breakup, where most of the beam current is transmitted down to zero energy. The
result of this is that bremsstrahlung yields are not cumulative, as the neutron yields from
deuteron breakup were.

The parameterization for this attenuation parameter was taken from the work of Tabata
and Tto [180], and is expressed by the following relation

1 + exp(—5o)
1+ eXP((SO +2) - g — So)

ex

T(Te, dz) =

where d; is in units of g/cm?. The parameter Sy is given by

10.63

So = 70.232

- exp (0.22 . 70462, (1 4 0.042 - Eé.Bﬁ)l)

with Ejy defined as
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Figure 5.9: Electron attenuation parameter 7 as a function of electron energy loss and
tungsten target thickness, on a tungsten target.

1e
E[):l—f—f

e
and where once again p, = m.c? is the electron rest mass energy, in MeV. The extrapo-
lated electron range ., was parameterized by Tabata and Ito [] according to the formula

In(1 - E - B
Remzcl'<n< +C2 0)_ e OC5
Co 1 +cy - ED
where the constants ¢, are given by

) (gfenr)

A

o= 1.718x107*.Z
c3 = 09891 —3.01 x107*.Z

cy = 1.468 —0.0118 - Z

1.232
= 70109

For high 7Z materials such as tantalum or tungsten, which are common bremsstrahlung
targets, the photons generated at the front of the production target may be significantly
attenuated before exiting the back. The attenuation of a photon with energy £, produced

by an electron having traversed a thickness d; = Y_p) Ad, exiting at an angle 6, will be given
by
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n(E,) = exp( — (B, - (lc)os(;)l))

where D is the total thickness of the target, and p is the photon attenuation coefficient.
For this study, these attenuation coefficients were interpolated from the NIST database of
x-ray mass attenuation coefficients [60]. The effect of this attenuation is largest in the low
energy portion of the photon spectrum.

The energy differential cross sections for bremsstrahlung were taken from the compilation
of empirical formulas given by Koch and Motz [175]. The exact form is dependent on the
screening parameter vy, which is dependent on the electron and outgoing photon energies, as
well as the atomic number of the target, according to the relation

_ 100u. - E,

- E-Ey-Z'/3
where F = k; + pte — E,, and Ey = K; + [te.
The cross section formulas given by [175] are as follows

N (R OR <183>+g), if 5 =0
dgg):iim:e' ((1+€) - (G — 22— 2e. (cb —1ln(Z))), if 4 <2
(1+ ¢ —fe) ( ( %) C(y ))7 ify > 2

_E
where € = B

are calculated as

r. is the classical electron radius, and the screening functions ¢; and ¢

2 gl
=19.24—-4.0-1 T Y012~ _ !
$1(7) n(7+7+3) 7 exp(—3)

and

¢ — 0.027 — (0.8 — )%, if vy < 0.8
Pa(y) = ,
d1(7), otherwise

The function C(7) is not directly specified in the literature, however it is plotted in the
Koch and Motz reference. A least squares fit to the data found in figure 2 in [175] gives the
following C'(y) parameterization

R
C(y) = 0.117 - exp( 584)+2 exp( 142)

One notable feature of this formulation is that the cross section is proportional to the
atomic number Z squared. Because the collisional stopping power for electrons is only pro-
portional to Z, this means that the bremsstrahlung yields for a given incident electron energy
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grow with increasing Z. This is quite different from deuteron breakup, where the yields were
dominated by the deuteron range, making low Z targets preferred. Because of this depen-
dence, the preferred “radiators” for bremsstrahlung are high 7Z materials. Tungsten and
tantalum are commonly used target materials, as they offer a combination of high photon
yield and good thermal properties.

The angular distribution of photons from thick target bremsstrahlung is generally quite
forward focused, however there is a small component that extends to large angle. Figure
plots this angular distribution for a few incident electron energies on a tungsten target.
The width of this distribution narrows significantly with increasing energy. For example, at
40 MeV incident electron energy, the angle at which the intensity reaches one half of the
forward intensity is about 4°.
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Figure 5.10: Relative angular distribution of Bremsstrahlung photons, for multiple incident
electron energies on a tungsten target.

The empirical formula for this distribution was taken from the derivation by Ferdinande
[181]], and is given as a function of electron energy r; by

R Y S ey ( 1167 + 207 )
P(O.m) = (77" + 170 ') 10(02)2 + 11(67 - 62) + (62)?

where the characteristic angle of photon emission from bremsstrahlung is given by

9 ;%, if K < 5
b — 1 e ] .
(5 +9z)- (7111}(:%1;:?11))’ otherwise
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with the factor g, parameterized as

gz =0.5046 +7.49 x 107% - Z — 1.78 x 107¢ . Z?

Finally, this model was compared to available literature data for thick target bremsstrahlung
photon yields. The data from the work of O’Dell [182] was selected for this evaluation for
two reasons. One is that it encompasses a wide selection of incident electron energies, which
is useful to highlight any systematic deficiencies of the model as a function of the beam
energy. The other is that the O’Dell data is given in the correct units for total photon yield,
which will be essential for accurately comparing isotope production yields to neutrons from
deuteron breakup. While it would have been preferred to have a data set which extends
to higher incident electron energies, none were found with the correct units of photon yield.
This is perhaps not surprising, as most commercial bremsstrahlung machines (usually for
radiation cancer therapy) operate under 20 MeV electron energy.
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Figure 5.11: Comparison of predicted Bremsstrahlung photon spectra (lines) to experimental
data from O’Dell (points) measured on a gold+tungsten target.

Figure shows the results of the comparison to the work of O’Dell. There were
not any systematic disagreements associated with the incident electron energy, which builds
confidence in the capability of this model to extrapolate to higher beam energies. Also,
the model generally predicted the total integrated photon fluence and the average photon
energy within 25% of the experimental values. However there does seem to be a systematic
disagreement between the model and the O’Dell data at photon energies close to the incident
electron energy. This discrepancy has been acknowledged by other authors as common to
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many thick target bremsstrahlung models [183]. Fortunately, because the majority of the
(7,n) cross section is typically in the 10-15 MeV range, and because the cross section is very
wide, this high-energy discrepancy does not have too great an impact on the predicted yields.
For example, at 20.9 MeV, the net modeled photon yields are under-predicted (relative to
O’Dell) by 6.2%, whereas the **°Ra(v,n) reaction rate using the modeled spectrum is under-
predicted by 8.2%, which means that only a 2% difference is attributable to the discrepant
flux shape.

Numerical Implementation

We have now demonstrated successful models for the yields of both thick target bremsstrahlung
and deuteron breakup, and evaluated them against experimental data. Because both models
are expressed as double-differential yields that are parameterized in terms of the outgoing
energy and angle of the respective secondary particle, we can apply the same calculation
method to each yield equation.

The production rate of a given isotope is generally determined by integrating over the
product of the flux distribution % and the reaction cross section o(F), according to the
equation R =n [ U(E)j%dE , where n is the total number of target atoms. This is making
the assumption of a uniform flux distribution across a thin target.

However both deuteron breakup and bremsstrahlung have highly non-uniform emission
spectra, and we would like to extend this calculation to thick targets. Additionally, we would
like to consider the case of an incident (deuteron or electron) beam that has a non-uniform
spatial distribution. To do this, the equation for the reaction rate must also be integrated
over the coordinate spaces for the incident beam, 7, and the target, (). The flux attenuation
in the target must also be accounted for by multiplying the flux by exp(—Ax - %), where Az
is the total thickness traversed by the secondary particle, and 3 is the (total) attenuation
cross section, which is usually designated p for photons.

The resulting equation for the production rate is given by

dI (7 1 Y (Epne, B, 0 .
R=n (”’)/ ))2/ o (8, X ) exp(— Az - ) dE,dOdF,

modry Ja\r QL7 dE,dQ
where d;s;:b) is the spatial distribution of the incident beam intensity, r, is the distance

from the beam position vector 7, to the sample position vector Q, Eiyc is the incident energy
of the electron or deuteron beam, and F, is the energy of the secondary particle (photon or
neutron).

This integration was calculated numerically by dividing the source and sample into finite
volumes in cylindrical coordinates. For both the source and sample, the azimuthal variable
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Source

Figure 5.12: Schematic representation of variables used in the calculation of **Ra yields
from both Bremsstrahlung and deuteron breakup sources.

was divided into 25 sections. The source radial distribution was divided into 20 sections, and
the sample radial and axial variables were divided into 1 mm thick sections, or 5 sections,
whichever was smaller.

A diagram showing this method for the production scenario used in this comparison is
given in figure . One simplifying assumption that can be seen in this figure is that
the source neutrons or photons were produced at the sources surface, rather than in the
volume, for computational simplicity. This affects the relative solid angle for each differential
source element, which could slightly bias the comparison in favor of deutron breakup as the
bremsstrahlung targets will be generally thinner than breakup targets at the same beam
energy. However, as long as the (conversion) target thickness is sufficiently less than the
distance between the source and sample, plus the sample thickness, this effect will be small.

Based on inspiration from the work of Diamond and Ross [42], the beam profile was
chosen to have a (azimuthally uniform) Gaussian radial distribution, with a nominal width
of 2.5 mm full-width at half-maximum (FWHM). However the systematic dependence of
the isotopic production rates on the width of this source distribution was evaluated in this
study. Generally, smaller beams will produce a higher flux of particles. Deuteron breakup is
expected to be less sensitive to the effects of the beam diameter than Bremsstrahlung, due
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Figure 5.13: Plot of (Gaussian) radial beam intensity distribution used in the comparison.

to its relatively wider angular distribution.

There is, however, a practical limitation to how small the beam diameter can be, based
on the maximum heat flux that can be safely dissipated by the target. In this comparison
we will consider a tungsten bremsstrahlung target and a beryllium breakup target, both
of which have high thermal conductivities (over 150 W/m-K), meaning they could both
potentially withstand such a small beamspot, however this should be investigated further.
Additionally, the cooling requirements for the (bremsstrahlung or breakup) target will dictate
the minimum distance that the source can be from the sample. Based on the production
target designs in the work of Diamond and Ross, this distance dy was estimated to be about
1 cm [42]. No attenuating material, such as coolant water, was simulated between the source
and the sample, as this was considered too design specific. However this would certainly be
a requirement for a realistic production target, which would lower the yields somewhat.

The sample was chosen to be a cylinder, for computational simplicity. Based on the
double-differential spectra from both sources, this may not necessarily be the most optimal
target geometry, and warrants further study. The cylinder was specified to have equal
thickness and radius ¢, which scaled with the target mass m according to

m
= Y

This was chosen to balance two competing effects that the sample geometry has on the

production rates. Increasing the radius of the sample will increase the average source-to-
sample angle, which decreases the secondary particle flux for deuteron breakup and par-
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ticularly for bremsstrahlung. Increasing the thickness, however, increases the Az through
which the secondary particle beam is attenuated, which also decreases the production rate.
Proportionally increasing ¢t with the sample mass was therefore a good compromise between
these two negative effects.

Results

There are several parameters which may impact the isotope production yields for the sec-
ondary particle pathways. Similar to the direct pathways, the energy of the incident beam
will have a significant impact. This directly affects the energy and intensity of the secondary
particle distribution. The energy distribution of the secondary particle distribution impacts
the reaction cross section, and the rate of attenuation in the target. However unlike the
direct pathways, which have a maximum cumulative yield which is based on the total range
of the incident charged particle, uncharged secondary particles do not have a “range” in the
same respect, and the target mass can be scaled to increase the yield. We don’t expect this
relationship to be linear, as the beam will be increasingly attenuated as the target mass
increases, but we would like to examine this relationship in this study.

The other parameters affecting the isotope production yields concern the geometry of the
sample. The thicker the target, the more attenuation occurs. Also the relative solid angle
of the target to the beam impacts the yield; for example decreasing the beam diameter will
have a similar effect as increasing the sample radius. And finally the distance between the
source and the sample impact the geometric (1/7?) losses in the flux. In this study, we will
examine the impact of the incident beam radius, as well as the impact of the target thickness
on these two production pathways.

In order to accurately predict isotope production yields, it is essential to have a good
understanding of the underlying reaction cross sections. For the (n,2n) pathway, we have per-
formed two measurements of this cross section, averaged over a deuteron breakup spectrum
at 33 and 40 MeV incident energies (about 15 and 17 MeV neutron energies). These results
were presented in chapter @, and it was shown that the TENDL evaluation reproduced these
average cross sections slightly better than the ENDF evaluation, and it also better repro-
duced the singular literature measurement by O’Connor at 14 MeV [149]. We will therefore
use the TENDL-2015 cross section for the ***Ra(n,2n) reaction in this comparison.

Unfortunately for the bremsstrahlung route, there are no published measurements of the
*26Ra(y,n) cross section. There was a measurement by Melville [40] of total **Ra yields,
from a 10 mg radium needle irradiated in an 18 MeV bremsstrahlung spectrum. However
the reported yields for the ***Ra activity were based on fitting a single channel in a ~-ray
spectrum at 40 keV, which was atop a very large Compton background from the 10 mg
radium target. The result of this was an unacceptably large systematic uncertainty for this
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Figure 5.14: (left) Comparison of TENDL (v,n) evaluated cross sections on a ***Th target
to literature measurements. (right) Comparison of **’Ra production cross sections via the
(n,2n) and (y,n) pathways on **Ra.

measurement: the reported yields would correspond to a (,n) cross section of about 4 barns,
or over 10 times the predicted value.

This is impossible to believe, as (7y,n) reactions proceed through the giant-dipole reso-
nance (GDR). The compilation of experimental data from Berman and Dietrich [184] list a
peak of 360 mb for the combined (y,n)4(y,pn) cross section on both ***Th and ***U, and 480
mb for ?»Bi. Even using the recent parameterization by Firestone [185], the GDR should
have a total cross section of only op = 0.483 - 226%% = 665 (mb), and the partial cross
section proceeding through (v,n) should be less than this; usually about half, depending on
the deformation of the nucleus.

The closest isotope to **°Ra with measured cross sections for (y,n) is ***Th, with one
measurement by Veyssiere in 1973 and another by Caldwell in 1980 [186,[187]. These cross
sections are compared to TENDL-2019 in figure [125]. The TENDL-2019 evaluation
shows good agreement with the Caldwell data, and is generally within one standard deviation
of Veyssiere. This provides confidence that the TENDL predictions for (v,n) in this mass
region are reasonably accurate.

The TENDL prediction for the ***Ra cross section is less than for ?*Th, at about 270 mb
peak cross section, rather than 430 mb, as can be seen in figure . This is significantly less
than the (n,2n), which peaks at over 2200 mb. The implications of this can be seen in figure

.15. The plot on the left shows the calculated **’Ra saturation activity as a function of
the (25 kW) incident beam energy, for a one gram **Ra target. Despite the bremsstrahlung
source having approximately 260 times greater flux in the forward direction, the saturation
activities are very similar for a 1 gram target. This is because while bremsstrahlung is very
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Figure 5.15: (left) Comparison of **’Ra saturation activity yields from each pathway, as
a function of incident energy. The simulated beam power was fixed at 25 kW, and the
radium target mass was 1 g. (right) Comparison of **’Ra saturation activity yields from
each pathway, as a function of radium target mass. The simulated beam power was fixed at
25 kW, and the incident energy (for each) was 40 MeV.

intense, it has a spectrum with an approximately 1/E, shape, which means most of these
photons do not contribute to the (v,n) reaction.

The other interesting result from the comparison of the incident beam energies is that
the bremsstrahlung pathway is more “efficient” at lower energy as compared to deuteron
breakup, despite the cross sections for both reactions peaking at about 12 MeV. This is
likely attributable to the fact that the electron beam is strongly attenuated in the target,
regardless of the incident energy. This can be seen from the plots of 7(T.) in figure @
where the intensity of the incident beam reaches approximately half by the time the electron
has lost half of its energy. This means that electron beams higher than about 25 MeV are
essentially “wasting” their electrons, as they will be significantly attenuated by the time they
are reduced to energies more appropriate for the (v,n) reaction.

The major differentiating factor between the bremsstrahlung approach and deuteron
breakup is, however, when the mass of the radium target is increased to larger than 1
gram. The plot on the right of figure shows that as the mass is increased, the ***Ra
saturation activity from the deuteron breakup route far exceeds that of the bremsstrahlung.
This can be attributed to two factors. The first is that radium is a high Z material, and
will therefore have a high photon attenuation coefficient p(E,). As the target thickness
increases, the photon flux will decrease exponentially. The same is true of neutrons, however
the attenuation coefficient (or rather, the total macroscopic cross section) will be significantly
less. Furthermore, it is worth noting that approximately half of the total (n,x) reaction cross

Y
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Figure 5.16: (left) Ratio of bremsstrahlung to deuteron breakup **’Ra production rates, as
a function of the incident beam FWHM radius. The simulated beam power was fixed at
25 kW, the incident energy (for each) was 40 MeV, and the target mass was 1 g. (right)
Comparison of the attenuation in the ***Ra production rate for both pathways, as a function
of the radium target thickness. The incident energy used was 40 MeV.

section on **°Ra is elastic scattering. Since this doesn’t significantly decrease the energy of
the neutrons, these scattered neutrons get a “second pass” at inducing (n,2n), if the radium
target is large. This is in distinct contrast to the photons from bremsstrahlung, which on
average lose almost all their energy. That being said, we have ignored any contributions
from multiple neutron scattering for simplicity’s sake.

The plot on the right of figure shows how the relative reaction rate is attenuated for
each pathway, with the relative reaction rate calculated according the following equation

R =R, [E o(E)O(E) - exp( — £r(E) - Az)dE

where X7 is equivalent to the attenuation coefficient i for photons.

As the targets get larger, the solid angle of the additional material, relative to the beam,
decreases. This geometric effect is the same for each target, and is one of the reasons that
the saturation activity does not increase linearly with the sample mass. The other factor
that differentiates the two pathways is that as the sample size increases, the average angle
of emission increases, which will decrease the flux from bremsstrahlung significantly more
than deuteron breakup because of how forward-focused the bremsstrahlung emissions are.

The same effect occurs by increasing the average beam width, for a fixed target size. As
can be seen from a the plot on the left of figure @, the bremsstrahlung production rates

diminish faster than for deuteron breakup as the width of the beam is increased.
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The interpretation of these results depends on a few factors. The main consideration is
the assumption of a “realistic” **°Ra target mass, as this has a significant implication on
how bremsstrahlung performs relative to deuteron breakup, as well as how the two methods
compare to the direct production routes. Because of how rare and hazardous radium targets
are, this “realistic” target mass will likely be much less than the mass at which either pathway
is limited by flux attenuation. The beam and sample geometry will also be important
to consider. Deuteron breakup is generally more favorable over the range of geometries
evaluated in this comparison. However, for example, a large-diameter, thin target placed a
long distance away from the source may have different behavior.

Separation Scheme

One feature of both the (y,n) and (n,2n) production pathways is that they produce **Ra,
rather than **’Ac directly. The consequence of this is that ***Ac can be extracted almost
completely free of the " Ac contaminant, based on a simple separation scheme.

Neither (y,n) nor (n,2n) are expected to produce significant amounts of **"Ac. For
(7,n), there is no direct pathway to **’Ac, however the high energy photons could create a
secondary field of neutrons from interactions with other materials in the production chamber,
that would undergo a (n,y) reaction and produce **'Ra, which feeds into **’Ac. Similarly,
the neutrons from deuteron breakup are too high energy to induce significant (n,7), however
they could be thermalized by the environment and consequently be absorbed.

Because the half-life of **’Ra, at 42.2 (5) minutes, is significantly shorter than the 14.9
(2) day **°Ra activity, at the end-of-bombardment it will decay relatively quickly into **?Ac
before **Ac has significantly decayed in. This means that an initial actinium/radium chem-
ical separation can be performed, and the separated actinium batch (containing the 227Ac)
can be disposed of.

This is depicted in figure , for a 10 day irradiation, with the initial separation depicted
in blue. If the other 4 separations are performed at 18 day intervals, the total collected ***Ac
is about 75% of the initial ***Ra activity. If there is not significant **’Ra produced by (n,7),
and therefore the initial separation does not need to be thrown out, the total collected *?*Ac
activity is about 105% that of the initial *’Ra. If the actinium were to be continuously
separated from the radium, the theoretical maximum of 150% of the initial ***Ra activity
could be obtained.

Thermal Considerations

One of the crucial differences between the bremsstrahlung production pathway and the
deuteron breakup pathway is the difference in heat that is deposited in the radium target.
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Figure 5.17: Potential ***Ra/**°Ac separation scheme, relevant to both pathways. The blue
dashed line indicates the initial separation, for which the actinium may need to be thrown
out to improve the ***Ac/**"Ac purity.

Unlike neutrons, which exclusively undergo nuclear interactions, photons primarily interact
with matter by transferring energy to electrons. Because the bremsstrahlung emission spec-
trum has an approximately 1/E. shape, most of the photon flux is in the low energy portion
of the spectrum, which is also the portion most likely to be absorbed in the radium target.

Let’s again consider the simple 1D solution to the steady state heat equation, in which
the maximum permissible beam power is determined by

8k - r?

n-t
where we have introduced the parameter 1 to represent the fraction of the incident beam

Praz = Au

power that is absorbed by the radium target. This can be calculated using the NIST [60]
energy-absorption coefficients ., according to

_ e o
" P i, dE,

where I, is the incident photon intensity, in photons/sec, and Ax is the target thickness.

n E, - (1 — exp( — fen(ES) - Aw)) dE,

This has been calculated for a 8.59 mm thick target, which corresponds to 10 grams of
radium in a cylindrical geometry having proportions r = ¢, and has been plotted as a function
of the incident beam energy in figure . This shows that the absorbed power is relatively
high, ranging from about 2-4.5% over the energy range relevant to isotope production. This
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Figure 5.18: Fraction of absorbed power, n, as a function of the incident beam energy for
the (v,n) approach.

will certainly require an active cooling system, however it is not as limiting as the 226Ra(p,Zn)
pathway, which absorbs between 50% of the incident power over the useful range of the (p,2n)
cross section.

This also indicates that the optimal geometry for the bremsstrahlung pathway will depend
on the limitations due to target cooling. If we were to keep the r = t = 8.59 mm aspect
ratio for this example 10 g target, and limit the temperature rise to no more than 50 K,
the maximum permissible power is only 290 W. This means that the target must be made
significantly thinner (and consequently wider) in order to operate at a higher beam power,
which will likely have a negative impact on the yields.

Producing Other Isotopes

One of the advantages of the secondary particle production pathways is that other targets
can be simultaneously irradiated, creating multiple isotopes for other applications. This is
particularly true for the deuteron breakup source, as the fast neutrons from breakup will
not be significantly attenuated by even a modestly sized target. Additionally, while almost
all 90% of the bremsstrahlung intensity is in the first 5-10°, many neutrons from deuteron
breakup are emitted at larger angles. Because these large angle neutrons are primarily
emitted from compound-evaporation processes, the average energy will be lower, which may
be more suitable for some applications.

Figure shows a comparison of the bremsstrahlung and deuteron breakup production
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Figure 5.19: Comparison between bremsstrahlung and deuteron breakup for the production
of %"Cu and *"Sc using natural zinc and titanium targets, respectively. (top) Comparison of
(n,x) and (7,p) cross sections on these targets. (middle) Comparison of the ®’Cu and *"Sc
saturation activities as a function of incident beam energy. (bottom) Comparison of the
67Cu and *"Sc saturation activities as a function of the mass of the natural targets.
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rates for the therapeutic ™ -emitting 5"Cu and %"Sc isotopes, produced from natural zinc
and titanium targets, respectively. These isotopes are considered challenging to produce,
as the only proton production routes require high energy beams on gallium and vanadium
targets. The calculation method in this comparison was exactly the same as described in
the section on ?*Ac production, except that the target mass range was substantially larger
because of the relative ease of obtaining natural zinc and titanium targets.

For the photo-nuclear pathways, the only reactions producing the isotope of interest
were (7y,p) on ®Zn and **Ti, for the production of ““Cu and *’Sc respectively. Both of these
isotopes are reasonably abundant, so enriching the targets to increase the yields may not be
economically worthwhile. For the neutron pathways, the largest cross sections are for the
(n,np) reactions on the same target isotopes, so they would also not likely see any advantage
for enriched targets.

In general, the systematic behaviors of these pathways are quite similar to ***Ra produc-
tion, except that the photon flux is not as significantly attenuated as for ***Ra due to these
targets being lower Z. The major difference is in the reaction cross sections. While photo-
nuclear cross sections do not vary extremely for different isotopes, the neutron cross sections
do. ®Zn(n,np)®"Cu and *Zn(n,p)®"Cu in particular are quite small relative to the other
neutron cross sections. This leads to the bremsstrahlung pathway outperforming deuteron
breakup for the production of 5’Cu, regardless of the target mass or incident energy. However
for the *’Sc production, the opposite is the case. The (7y,p) cross section is not significantly
different, however the (n,p) and (n,np) cross sections are almost three times what they were
for Zn.

5.4 Conclusions

In this chapter, we have compared the predicted yields for several **Ac production pathways,
which are all generally quite unique from one another. The ***Th(p,x) production pathway
requires a very high energy proton accelerator to be viable, but can produce high yields
and does not suffer from the thermal or targetry constraints of the pathways based on
a radium target. However the long term impacts of the **"Ac impurity produced in this
approach still need to be seen. The 226Ra(p,2n) pathway initially appeared to have even
higher yields, however it was shown that the thermal design constraints will likely impede
this route significantly. The ***Th(p,4n)***Th pathway was the only one considered which
produced the long-lived ?**Th generator for 2**Ac, but the total yields are likely too low to
be of significant value.

Thick target bremsstrahlung and deuteron breakup sources were compared for the produc-
tion of **Ra via the (y,n) and (n,2n) reactions, respectively. The results of this comparison
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depend significantly on the mass of radium to be irradiated. At one gram, the two path-
ways are roughly comparable. However at larger masses, the deuteron breakup pathway
significantly out-performs bremsstrahlung. The opposite was shown to be the case, however,
for ®“Cu production from natural zinc targets. This was a demonstration of how important
the production cross sections are to the radioisotope yields. There was also a general trend
of bremsstrahlung performing best at around 25-30 MeV incident electron energy, whereas
the deuteron pathways showed the highest yield at over 50 MeV. This difference was at-
tributed to the attenuation parameter 7, which is generally much higher for electrons than
for deuterons. Also, the thermal limitations for the bremsstrahlung pathway were shown to
be quite impactful on its scaling, as the low energy photons produced by this process have a
high rate of absorption in radium.

Ultimately, what this comparison serves to show is how complex and nuanced the con-
siderations are when optimizing a production pathway, or attempting to determine a “best”
approach. There are many uncertainties that must be addressed in order to make this deter-
mination. For example, how much radium mass is considered “practical”? What **Ac/**"Ac
radiopurity is acceptable for human use? Are there other radium compounds with better
thermal conductivity? Even if these and other questions are answered, the engineering
constraints surrounding each pathway are unique, and may impose unforeseen limitations.
However it is the hope that this comparison will be useful in determining the right questions
to ask, and in investigating what these limitations might be, so that these pathways can
move forward in meeting the demand for the very exciting and promising isotope: ***Ac.
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Chapter 6

Conclusions

N this work, we have demonstrated the potential viability of a new pathway for

225 A¢ production, which makes use of deuteron breakup as a high intensity, vari-

able energy neutron source for which to produce ?*’Ra, the parent isotope of ?*’Ac,

through the 226Ra(n,2n) reaction. To support this, a hybrid model for the double-
differential neutron spectrum from deuteron breakup was developed based on the work of
Serber and Kalbach, and additional measurements of the neutron distribution from breakup
on at thick beryllium target were performed for 33 and 40 MeV incident deuteron energies.
The **Ra(n,2n) reaction cross section was also experimentally determined, averaged over
the breakup spectra from 33 and 40 MeV deuterons, which was in relatively close agreement
with the TENDL evaluation [125]. A comparison study of several promising **Ac produc-
tion pathways was performed, showing that the ***Ra(n,2n) route had comparable yields to
the well-studied ***Th(p,x)**°Ac pathway at the same beam power, so long as the radium
target mass was in the 10-50 gram range, but with the added benefit of being free from **7Ac
contamination. The production routes based on irradiation of **Ra with photons or charged
particle beams were shown to have thermal limitations, which could potentially be overcome
with sophisticated cooling systems, or new radium target compounds such as RaBg.

In addition, new measurements of the *’La(p,6n) reaction were presented as a pathway
for the production of *Ce, an in vivo generator of *La, which together act as a positron-
emitting chemical analog for **Ac. Because *Ac does not emit positrons as part of its
decay chain, *Ce could be used instead to provide a rapid biodistribution assay via positron
emission tomography (PET). Additionally, several other '*La(p,x) reaction cross sections
were measured over the 3560 MeV energy range, which serve a useful role in understanding
the nuclear reaction mechanisms present at these energies.

It is the hope that this characterization of deuteron breakup and the demonstration of
its use in ***Ac production will result in a more widespread adoption of this technology,
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both for isotope production, as well as the many scientific and industrial applications of an
intense source of energetic neutrons. Fast neutron reactions in the 10’s of MeV range have
a unique position within the scope of isotope production, with the ability for (n,xn), (n,p)
and (n,a) reactions to produce certain products that are virtually inaccessible to charged
particle beams or nuclear reactors. This work has shown that deuteron breakup is an ideal
neutron source for many of these pathways, and is a potentially valuable addition to any
isotope production portfolio.

Additionally, this work has demonstrated the value of new measurement and modeling
efforts in the field of nuclear data. Specifically, it was shown that different reaction modeling
codes have widely varying predictions for pre-equilibrium, and that this process is very impor-
tant for isotope production applications. Furthermore, the deuteron breakup modeling work
highlighted discrepancies in existing measurements of this process, which were confirmed
experimentally. Also, the discrepancy between the ENDF and TENDL predictions for the
**Ra(n,2n) reaction was successfully resolved by new measurements presented in this work.
All of this proves that there is both a need for new measurement and modeling efforts within
the field of nuclear data, and a value to be gained from the applications perspective.

Future Work

This project has touched on a wide range of disciplines, from measurement and modeling in
nuclear physics, to radiochemistry, to thermal hydraulic engineering. If the final result of this
work is to develop a complete system for producing and purifying ***Ac, the work involved
in reaching that goal must delve into these disciplines even deeper. In the field of nuclear
physics, further measurements of deuteron breakup on other light target materials, such as
lithium, as well as at higher energies, should be performed to improve the understanding of
this process. Neutron yields for lithium targets in particular should be about 30% higher than
for beryllium, which would further increase the appeal of this neutron source for applications.
Additionally, work on improving the predictive power of pre-equilibrium modeling should be
performed, such as the recent work by Fox et al. [18§].

In chapter @ we performed a very basic comparison between two radium/actinium sep-
aration mechanisms. However a much more comprehensive study of these methods, com-
paring the recovery and separation factors as a function of pH, as well as different rinse
sequences or solutions, is required to fully optimize this separation technique. Also, while
the two ***Ra(n,2n) cross section measurements performed at 33 and 40 MeV deuteron en-
ergies proved to be valuable data points, measurements at additional energies would further
improve the optimization of this pathway.

Finally, if this pathway is to be pursued for large scale production, various engineering
challenges must be overcome. One significant omission from this work is understanding how
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internal scattering within a thick radium target would impact the yields, as well as how an
external reflector could be utilized to boost the neutron flux on the target even further. This
could be performed using a surrogate target, such as thorium, which is likely to have similar
elastic scattering properties to radium (at high energies) but which is much safer to handle
on an experimental level. Additionally, a cooling system must be optimized for the breakup
target that allows the radium sample to be located as close as possible to the source, thus
maximizing the neutron flux.

Outlook

The curative potential for **>Ac based targeted alpha therapy is very exciting, and possi-
bly represents a paradigm change in cancer treatment towards truly personalized nuclear
medicine. What has been shown in this work is that there are many potential pathways
through which #**Ac can be produced, and although much work remains to be done, it is
very conceivable that *Ac can be produced at scales relevant to widespread use. It is the
hope that the results of this work will be useful in enabling new isotope production capabili-
ties based on deuteron breakup, and that this can support the long term growth of actinium
based cancer therapies. In the comparison study of actinium production pathways, it was
shown that there are many uncertainties, caveats and nuances that must be acknowledged
when comparing two pathways, and the results of that work will hopefully impact future
planning decisions regarding alternative production approaches. Finally, it is my hope that
I can continue to play a role in advancing the production of this valuable isotope, which has
the potential to improve the quality of human life for years to come.
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Appendix A

HEIFER Breakup Target Design

Included below are additional schematics and photos of the target which was designed and
manufactured for the experiment to measure the *°Ra(n,2n) cross section. It has been given
the nickname of the "HEIFER” target, as the High-Energy Irradiation Facility for Emerging
Radionuclides. Not included in the drawings are the 4-6 mm of beryllium plates which
served as the actual breakup target itself. The beryllium plates used in this experiment were
approximately 2.5x2.5 cm squares, of approximately 2 mm thickness.

The HEIFER target served to securely mount these plates at the end of the beamline,
provide a vacuum boundary, and provide cooling for the approximately 150 W of beam
power that was being deposited in the target. Additionally, the HEIFER target held the
radium capsule in close proximity, and had a machined recess close behind the capsule for the
placement of neutron monitor foils. Once the target was securely fastened to the beamline,
and the beamline was pumped down to vacuum levels (1077-1075 torr), a chilled-water
cooling plate was clamped on to the back. The target and mounting screws were composed
of 6061-aluminum alloy, and the rubber o-ring used to provide the vacuum seal was a Buna-N
composite.
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Figure A.1: Photos of the HEIFER breakup target. Graphite targets are loaded in these
photos, however beryllium was used in the **Ac production experiment.
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Figure A.2: Photos of the HEIFER target mounted onto the beam pipe, with and without
the clamp-on water cooler.
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