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Abstract

Production of Selected Radionuclides with Primary Protons and
Secondary Neutrons at a 70 MeV H~ Cyclotron Facility

This study addresses five aspects in the field of radionuclide production, four of which are
relevant to a new generation of high-current, 70 MeV H~ cyclotrons. A related aspect has also
been investigated in the proton energy region 100-200 MeV. All the experimental work of this
study was performed at the cyclotron facility of the iThemba Laboratory for Accelerator-Based
Sciences (iThemba LABS) near Cape Town, South Africa, with external proton beams delivered
by the k£ = 200 MeV separated-sector cyclotron (SSC) of the laboratory.

The feasibility to produce ?2°Ac/?!3Bi and 23°U/??Th generators at a 70 MeV H~ facility
by employing proton-induced reactions on thorium (Th+p) has been investigated. This is of
relevance to iThemba LABS as a new commercial 70 MeV H~ cyclotron is currently being
installed at the laboratory, expected to become operational in 2023, i.e. the near future. Since
the SSC regularly produces 66 MeV proton beams for the routine radionuclide production
programme, such beams were available to perform experimental work at an energy close to
70 MeV. New excitation-function measurements were performed for Th+p reactions by means
of the stacked-foil technique, utilizing primary proton beams of 40 and 66 MeV. Both 2'*Bi and
226Th are alpha-particle emitters with importance in targeted alpha-particle therapy (TAT).

A separate study involving Th+p reactions focused on the potential production of 22°Ra/??5Ac
generators, in the proton energy region 100-200 MeV, at iThemba LABS. New excitation-
function measurements were performed utilizing a primary proton beam of 200 MeV. The
alpha-emitter ?2°Ac has been used directly in TAT in recent years. Interest in the ???Ra/?*°Ac
generator stems from its ability to provide ??°Ac with a very high radionuclidic purity, which is
not achievable with any of the direct production routes. A possible stacked-target concept for
routine production purposes is presented and discussed.

The 70 MeV commercial cyclotron will enable the transfer of most of the routine radionuclide
production programme, based on 66 MeV protons from the SSC, to the new machine. This will
free the SSC to focus on other research objectives. A subtopic of this study was to investigate
the targetry required for the new 70 MeV cyclotron, based on similar targetry used for many
years on the SSC but upgraded to accommodate higher beam intensities. The inclusion of Th
in various tandem target configurations was also explicitly considered. Also of importance for
this study was the secondary neutron fluxes that would be generated by proton beams on these
production targets, which was investigated using Monte Carlo simulations.

This work also presents data obtained from secondary-neutron activations of samples be-
hind a radionuclide production target during routine bombardments with 66 MeV protons.
Radioactive residues from 121 neutron-induced reactions were identified on activated samples
covering a wide mass region (Be to Bi). Based on the measured yields and neutron spectra ob-
tained from Monte Carlo simulations, average cross sections were calculated. These values are

compared with corresponding predictions as published in the TENDL nuclear data libraries.
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The last subtopic of this study focused on producing the therapeutic radionuclide "Cu
in the secondary-neutron flux behind a primary tandem target under bombardment with a
70 MeV proton beam. Metallic Zn and ZnO were considered as targets. Yield estimates were
made for enriched %"Zn and ®®Zn targets as well as for "%/Zn targets. It was necessary to identify

which of 57Zn or %8Zn would be the best target nucleus for ®”Cu production in this case.
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Chapter 1

Motivation and Outline

Section 1.1 of this chapter gives a background of the accelerator facilities of relevance to the
radionuclide production programme at the iThemba Laboratory for Accelerator-Based Sciences
(iThemba LABS) near Cape Town, South Africa. This programme experienced an evolution over
several decades, mainly driven by projects to increase the production capacity. iThemba LABS
is again at a milestone in terms of this evolution due to the purchase of a commercial 70 MeV
H~™ cyclotron dedicated to radionuclide production. The main focus areas of this thesis are sub-
sequently introduced in Sections 1.2 through 1.4, i.e. targeted radionuclide therapy, secondary
neutron activations, and production yields from tandem targets of relevance to a 70 MeV proton
cyclotron, respectively. The therapeutic radionuclides ®"Cu and 2?°Ac are prominent sub-topics
of this thesis although several other radionuclides (e.g. 22Na, ®®Ge, %2Sr, 8%y, 239U, etc.) are also
important from the perspectives of this project. A list of objectives are presented in Section 1.5

and the thesis outline is discussed in Section 1.6.

1.1 BACKGROUND

The separated-sector cyclotron (SSC) facility of iThemba LABS was designed to accommodate
a radionuclide production programme from its inception. The facility was conceived to be
multi-disciplinary, serving the diverse needs of notably different communities. In addition to
producing radionuclides, the available beam time was to be shared more-or-less proportionally
with two other main programmes, namely experimental nuclear physics and radiotherapy with
both protons and neutrons. This shared mode of operation had pros and cons. One of the
pros was that a scarce and expensive resource could be optimally exploited to benefit a larger
number of users. A notable con was that the individual programmes had to contend with
unavoidable constraints on the available beam time as well as a weekly operating schedule
that tended to become rather complex. The needs of the different programmes also evolved
over time and beam-time requests eventually became significantly over-subscribed. Various
initiatives helped to improve the delivery of beam to diverse users, leading to a few innovative
upgrades to the SSC and ancillary infrastructure. This makes the history of the SSC rather
interesting, some aspects of which will be expounded on at appropriate places in the thesis.
The SSC is a k = 200 MeV variable-energy cyclotron equipped with two k = 8 MeV solid-pole
injector cyclotrons. The injector named Solid-Pole Cyclotron 1 (SPC1) is dedicated to high-
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intensity proton beams for applications such as radionuclide production and radiotherapy,
while Solid-Pole Cyclotron 2 (SPC2) is mainly used to provide beams of heavy ions and polarized

protons for nuclear physics experiments.

Because of historical reasons, routine radionuclide production on the SSC is exclusively
performed with 66 MeV proton beams. This decision was made even before first beam was
extracted from the machine, largely dictated by the neutron therapy programme that required
this particular beam energy. Energy changes on the SSC are time consuming, often taking a
full 8-hour shift or even longer to complete, mainly because the large magnets take time to
stabilize when their field strengths are changed. A scheme where both neutron therapy and
radionuclide production would use the same proton-beam energy would reduce the number of

energy changes per week and was consequently adopted.

The first test beam delivered by the SSC to a radionuclide production vault took place in
October 1986. Development of bombardment infrastructure and targetry continued through-
out 1987 and routine production commenced in 1988. At that time provision was made for a
maximum beam current of 100 pA. This remained the de facto upper limit for nearly 20 years.
Initial efforts focused on optimizing the available beam time and not increasing the beam in-
tensity. A system enabling rapid beam switching (about 1-2 minutes) between the neutron
therapy vault and the first radionuclide production vault was developed to utilize the set-up
time between patient irradiations for radionuclide production. Since patient treatments were
only performed during daylight working hours on certain weekdays, uninterrupted beam could
be utilized for radionuclide production during the nights. This system worked very well for
many years. However, as the programme continued through its second decade, it became clear
that the laboratory would not be able to meet its future requirements in terms of the delivery of
radionuclides to a growing client base (see e.g. | ). In addition, iThemba LABS became

increasingly dependent on income generated from radionuclide sales.

Shortly after the start of the new millennium, a large development effort commenced to
increase the intensity of 66 MeV proton beams delivered by the SSC and to establish a new
target station as well as targetry that could accommodate these more intense beams. A second
target station for batch targetry was designed and built in-house and installed in a second
irradiation vault dedicated for radionuclide production. In addition, a beam splitter was built
that made it possible to provide beams to both production vaults simultaneously. The SSC
was equipped with so-called flat-top resonators, amongst other developments, to enable the
extraction of more intense beams | ]. These developments were brought into routine

use towards the end of 2006 and provided about a three-fold increase in production capacity.

The three-fold increase described above proved to be very significant for iThemba LABS,
particularly in the case of relatively long-lived, high-value radionuclides for the export market,
such as ?°Na, ®®Ga and %2Sr. Nevertheless, the laboratory still had to operate with its major
constraint, i.e. too many diverse programmes depending on beam from its largest accelerator.
In particular, the nuclear physics programme of the SSC had to be accommodated mainly on
weekends. Figure 1.1 shows a typical beam schedule prior to significant changes in recent
times, in particular the phasing out of proton and neutron therapy. This latter aspect will be

addressed in more detail in the next paragraph. Users expressed a need for change as certain
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midnight noon midnight
LEGEND
NUCLEAR PHYSICS
ENERGY/ BEAM CHANGE
PROTON THERAPY

RADIONUCLIDE PRODUCTION

NEUTRON THERAPY
Figure 1.1: A typical weekly beam schedule of the separated-sector cyclotron (SSC) of iThemba LABS
prior to the termination of radiotherapy in 2017.

kinds of physics experiments could not be performed on such a fragmented, weekend-only
basis. A need was also expressed to introduce radioactive ion beams (RIBs) at iThemba LABS,
which would be incompatible with the beam schedule of Figure 1.1. The time had come for a
major re-positioning of the role of the SSC.

Proton and neutron therapy at iThemba LABS were phased out in 2017. This decision was
based mainly on the significant progress in recent years on dedicated proton therapy centres as
well as the reduced cost of these facilities. It was argued that a dedicated proton therapy facility
with a smaller footprint, located at one of the large academic hospitals in South Africa, would
better serve the country and the medical community. Such an initiative should be pursued
and supported by iThemba LABS, perhaps as a private/public partnership functioning as an
independent entity. Furthermore, the operational models of some of the smaller accelerators
operated by iThemba LABS also seemed particularly attractive for the radionuclide production
programme. This refers to three smaller accelerators, namely an 11 MeV Siemens Eclipse
positron emission tomography (PET) cyclotron, a 3 MV Tandetron used mainly for ion beam
analysis (IBA), and a 6 MV tandem accelerator that performs IBA but also hosts the only
accelerator mass spectrometry (AMS) facility on the African continent. Similar to these smaller,
dedicated accelerator facilities, radionuclide production as a programme would also benefit
greatly if it could have its own dedicated accelerator. Separated from the SSC, the radionuclide
production capacity could again be significantly expanded at iThemba LABS. This would also
free the SSC to pursue more research, henceforth predominantly dedicated to nuclear physics
and radiobiology experiments. Such a partitioning of dedicated accelerators for different fields
of application would greatly benefit iThemba LABS and the communities that it serves.

In 2018 the South African government approved the acquisition by iThemba LABS of a
commercial 70 MeV H~ cyclotron for radionuclide production. This would constitute the first
phase of an initiative called the South African Isotope Facility (SAIF) and the project at large is
referred to as the SAIF Project [STE2018a, AZA2020]. Following a tender process, the bid for
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a Cyclone 70 cyclotron from Ion Beam Applications S.A. (IBA) in Belgium was approved. This
machine was shipped to South Africa towards the end of 2021. It will be installed during the
course of 2022 and first beam is expected in 2023. The radiotherapy vaults previously used
for proton and neutron therapy are being re-purposed to accommodate the new cyclotron and
target stations. The required building alterations and other construction work are in progress.
The cyclotron will supply dual proton beams to two irradiation vaults simultaneously. The
maximum specified current of each beam is 375 pA and the energy will be variable between
35 and 70 MeV. While IBA will supply the cyclotron and some components of the external
beamlines, the target stations and targetry will be according to in-house designs by iThemba
LABS. At the time of writing, the construction of the first two target stations (of four) has
commenced at TF Design (Pty) Ltd, an engineering firm in Stellenbosch, South Africa. Since
the maximum beam energy of 70 MeV is not significantly higher than the 66 MeV that has been
utilized for more than three decades, the same kind of technology in terms of targetry will be
retained, except for small adjustments to production energy windows where required.

The bulk of the current radionuclide production based on 66 MeV protons will be transferred
to the new 70 MeV cyclotron facility. This will largely free the SSC from this duty except to
provide a back-up capability. It is possible that some radionuclides may in future still be
produced on the SSC on a much smaller scale, e.g. some alpha emitters like 2!!At and/or
radionuclides requiring projectiles different from protons. Such productions will mainly be to
support research activities and will not be of a commercial (or semi-commercial) nature.

The advent of the new 70 MeV H~ cyclotron at iThemba LABS, in addition to the existing
SSC, will introduce an exciting period that will open opportunities for new investigations as
well as the possibility to expand on the collection of radionuclides that the laboratory currently
delivers. Not only should the focus be on the bulk supply of those radionuclides that generate
income but also on support to research and new technologies. There are various radionuclides
that do not currently have a high demand in the world but with manifest potential to become
important in future.

As a general rule, accelerators are developed to best suit particular fields of application.
There are always constraints, determining what a particular accelerator can do. The new
generation of commercial 70 MeV H™ cyclotrons was developed to satisfy a particular niche.
Those strengths are well known and would have informed the decision to purchase such a
machine in the first place. Once established, however, such a facility may also be able to fulfil
secondary roles in addition to its primary role. It may support something that is useful, even if
not specifically optimized and/or intended for that purpose. The question may be asked “what

else can it do?” Some of the topics of this thesis project may be viewed to fall into that category.

1.2 TARGETED RADIONUCLIDE THERAPY

Most of the radionuclides produced at iThemba LABS over the last three decades were re-
quired for diagnostic medical purposes. A decision was made circa 2018 to also investigate the
possibility to provide certain high-value (and scarce) therapeutic radionuclides that have not

hitherto been produced in South Africa.



One of the pertinent questions that this study endeavours to answer is whether commercial
70 MeV H~ cyclotrons can play a role in (or contribute to) the supply of the alpha emitter ?5Ac.
Worldwide, this radionuclide is in short supply and, for reasons that will be discussed later, this
supply problem is very difficult to solve. The published literature reveals differences of opinion
on the viability of this particular energy region for this purpose. Since the available cross-
section data for the 23?Th+p production route, in the energy region up to 70 MeV, were found
to be rather sparse and also showed notable discrepancies, an excitation-function experiment
was performed as part of this investigation to improve the relevant data base. For this purpose
the stacked-foil technique was used, which will be explained in due course. Not only is ??°Ac
important as a therapeutic radionuclide in its own right, it is also a precursor of 2!*Bi, which is
another alpha emitter that is becoming increasingly important in targeted alpha therapy (TAT).
Therefore there exists a significant potential demand for ??°Ac/?'3Bi generators in future. As
a by-product of this study, data relevant to the 23°U/?2Th generator were also obtained. In
this latter case, the daughter isotope 22°Th has been suggested as a potential candidate for the
application of TAT to the treatment of certain types of blood cancer | l.

A separate experiment was performed as part of the present investigation on the production
of ultra-pure 2?°Ac via the decay of its precursor, ???Ra. In this case the focus was on 2?Th+p
reactions in the energy region 100-200 MeV, i.e. within the upper energy domain of the SSC.
Currently the SSC does not have the capability to produce proton beams of high intensity
(i.e. beam currents above several tens of microampere) at proton energies other than 66 MeV,
however, in principle the machine can be upgraded to have such functionality. Alternatively,
this part of the study may point out what the requirements are in terms of minimum accelerator
functionality to exploit this production route. It has to be pointed out that various aspects of
these ideas are not new. Nevertheless, this part of the study endeavours to add something
new to an existing but limited body of information, again utilizing the stacked-foil technique to
improve a very sparse data base.

The radionuclide ®”Cu has become very important in targeted radiotherapy in recent years;
the two radioisotopes, %Cu and %"Cu, form a so-called theranostic pair. The focus in this project
was on 5"Cu production via neutron-induced reactions directly behind a primary radionuclide
production target, utilizing the secondary neutron flux. The new target stations for the 70 MeV
cyclotron facility were designed to exploit the secondary neutron flux for the production of
certain neutron-rich f~-emitting radionuclides close to the line of stability. The objective is not
bulk production but to support research, based on an argument that secondary neutrons may

be a valuable resource, historically neglected until recent times.

1.3 SECONDARY NEUTRON ACTIVATIONS

Another aspect of the present study was to expand the secondary-neutron activation data
set of a previous investigation and to re-analyze the larger data set. The original data were
measured on a relatively large collection of samples activated with secondary neutrons behind
a production target during a routine bombardment with 66 MeV protons. This formed the basis
of the MSc project of the author [ ]. It became evident, during completion of the MSc

project, that additional activations and measurements would have to be performed and that
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the results presented in the MSc thesis should only be considered as preliminary. Based on
the now-completed study at 66 MeV and additional Monte Carlo simulations, yield estimates
were made of certain radionuclides of relevance to the future 70 MeV cyclotron programme,

including 5"Cu and co-produced Cu contaminants on both natural and enriched Zn targets.

1.4 TANDEM TARGETS AND PRODUCTION YIELDS

The main export products of iThemba LABS are the three relatively long-lived radionuclides
22Na, %8Ge and ®2Sr. They are routinely produced using tandem targetry in two configurations:
Rb/Ga (82Sr/%Ge) and Mg/Ga (**Na/%®Ge). The transition from a primary proton-beam energy
of 66 MeV to 70 MeV is not large but does have a notable effect on the choices of production
energy windows and corresponding thicknesses of the individual targets. This will be briefly
discussed in the thesis in addition to the expected thick-target yields based on available nuclear
data. The inclusion of thorium as a target material in this production regimen increases the
number of useful permutations of tandem targets that can be employed. From the perspective
of this thesis project, the secondary neutron production from these tandem configurations is
a main area of investigation, in particular how different configurations and other geometrical
factors will affect the ®”Cu yield and purity. This was investigated based on available nuclear

data and appropriate Monte Carlo simulations.

1.5 OBJECTIVES

From the information captured in Sections 1.1 through 1.4 a number of objectives could be

formulated, which are summarized below:

* Perform new excitation-function measurements for Th+p reactions relevant to ?**Ac/?!3Bi
and 23°U/?2°Th generators in the energy region below and up to 70 MeV to improve the
existing database, and investigate the prospects for their production with a dedicated
70 MeV H~ cyclotron. As a secondary investigation, include Mg foils in the stacked-
foil experiments to check against existing data for ??Na and ?*Na formation, which also

currently present some discrepancies.

* Perform new excitation-function measurements for Th+p reactions relevant to ???Ra/??*Ac
generators in the energy region 100-200 MeV to investigate the feasibility of securing an

ultra-pure 2?°Ac supply, possibly utilizing the k& = 200 MeV SSC for this purpose.

* Make yield estimates of radionuclides of importance (or potential future importance) to
iThemba LABS from concept tandem-target configurations that are likely to be exploited

in future beam operations with the new 70 MeV cyclotron.

¢ Perform activation studies with secondary neutrons emitted by current routine radionu-
clide production targets under bombardment with 66 MeV proton beams from the SSC
over a broad mass region. Compare the measured yields with predictions based on Monte
Carlo simulations in conjunction with the latest cross-section compilations available from

the International Atomic Energy Agency (IAEA) or other appropriate nuclear data centres.
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e Survey the "Cu production methods and investigate the secondary neutron activation

potential for this purpose.

1.6 OUTLINE OF THESIS

Chapter 1 is Motivation and Outline. Chapter 2 describes the various existing facilities used
for the experimental work of this project as well as some of the new facilities that will become
available on completion of the 70 MeV cyclotron complex. Some of the experimental techniques
used are also introduced in this chapter.

Chapter 3 presents the results of the ?*Th+p stacked-foil experiments performed with pro-
ton beams of 40 and 66 MeV. In conjunction with existing data from the literature, yield es-
timates are made up to 70 MeV. Of particular interest is the pairing of thorium with other
target materials of importance to iThemba LABS, exploring the possibility of co-production
of 225Ac/?'¥Bi and 23°U/?2Th generators with the new 70 MeV cyclotron facility. These foil
stacks also contained Mg foils in order to verify the quality of existing data for the reaction
natMg(p,x)??Na, which is also important for iThemba LABS. Activation experiments often pro-
duce data for additional radionuclides of lesser importance. A few such cases are also presented
in this thesis.

Chapter 4 presents the results of the 23?Th+p stacked-foil experiment performed with a
200 MeV proton beam. The production possibility of ??°Ra/??’Ac generators in the energy
region 100-200 MeV was explored. A concept stacked-target configuration is suggested.

Chapter 5 presents yield estimates for various tandem-target configurations that can be
employed at the new 70 MeV cyclotron facility.

Chapter 6 describes the secondary-neutron activations performed behind a radionuclide
production target during routine bombardments with 66 MeV protons. Yields are presented
of radioactive residues from 121 different neutron-induced reactions. Average cross sections
were derived based on the measured yields in conjunction with neutron spectra obtained from
Monte Carlo simulations. These values are compared with corresponding predictions included
in the well-known nuclear data library TENDL [ 1.

Chapter 7 is dedicated to the production of 6”Cu in the secondary neutron flux behind a pri-
mary tandem target under bombardment with a 70 MeV proton beam. Eight tandem-target
configurations were included in the study, namely Rb/Ga (32Sr/%Ge), Mg/Ga (**Na/%Ge),
Th/Ga (***Ac/%8Ge), Mg/Th (*?Na/?3°U), Rb/Th (32Sr/?3°U), Th/Th (*?°Ac/?3°U), Zr/Y,03 (*¥Y/%%Y),
and Be/Ga (n + %8Ge). Both metallic Zn and ZnO were considered as target materials. Yield
estimates were made for natural Zn as well as enriched %"Zn and %®Zn target materials. Indeed,
it was necessary to find out which of “Zn or %®Zn would be most suitable, both from a "Cu
yield and radionuclidic purity perspective.

A summary and conclusions are presented in Chapter 8. This chapter also mentions some

possible areas for further investigation.



Chapter 2

Facilities and Experimental Techniques

2.1 INTRODUCTION

iThemba LABS currently operates two dedicated target stations for radionuclide production
with batch targets, utilizing 66 MeV proton beams delivered by the SSC. A third target station
for semi-permanent targets existed for many years but has recently been removed from service
and disassembled. In addition, two different activation chambers are available and both were
used for the stacked-foil experiments of this study. A total of four beamlines are dedicated for
radionuclide production with the SSC, three with a horizontal orientation in one irradiation
vault and a single vertical beamline in a second irradiation vault. One existing target station
is equipped with the capability to exploit the secondary neutron flux for activating secondary
target materials. All the new 70 MeV stations are likewise being equipped with this capability.
The design of the new 70 MeV target stations was heavily influenced by the experience gained
on the SSC over more than three decades. The main features of both the old and new facilities

are described in Section 2.2.

2.2 EXISTING TARGET STATIONS ON THE SSC

2.2.1 Target station 1 - Elephant

This is the first horizontal-beam target station brought into operation at iThemba LABS, usually
referred to as the Elephant. It has been fully operational since 1987 and is still extensively
utilized today. While this facility played no direct role in this thesis project, it is nevertheless a
good starting point for a general discussion on the target stations at iThemba LABS as all the
subsequent stations share common features with this facility, in particular the new 70 MeV
target stations (which are sometimes referred to as the “new Elephants”). The main components

of the Elephant are shown in Figure 2.1 and described below:

¢ At the top of Figure 2.1 (labelled as 1) is an overhead electrified rail. This rail system
connects the Elephant to a processing hot-cell complex, target store, and target loading
station. Activated targets become too radioactive to safely handle manually, therefore,
remote-controlled handling and transport of target holders are required to limit the radi-

ation dose received by staff. A target transporter (labelled as 2) is shown as it approaches
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Figure 2.1: Target station 1, usually referred to as the Elephant, for irradiating batch targets during
radionuclide production runs. Salient components indicated by numbers are as follows: (1) the electrified
overhead rail; (2) an approaching target transporter; (3) a target holder; (4) transporter terminus; (5) robot
arm; (6) beam diagnostic chamber; (7) beamline; (8) front radiation shield; (9) rear radiation shield; (10)
rail on which the rear part of the radiation shield moves to open and close the station; (11) pusher arm
to locate the target holder and connect cooling water.

the rail terminus (labelled as 4), from where the target holder (labelled as 3) can be trans-
ferred to or from a target magazine inside the station by means of an electro-pneumatic

robot arm (labelled as 5).

* A diagnostic chamber (labelled as 6) located on the beamline (labelled as 7), in close
proximity to the station, contains a Faraday cup and a harp for the initial alignment
of the beam at a low intensity, prior to increasing the beam intensity for the routine
production run. The beam spot is swept on a circular trajectory around the beam axis in
order to spread the thermal load on target during bombardment and to prevent so-called

hot spots. The sweep frequency used on the Elephant is 450 Hz.

¢ A four-sector collimator, located inside the front radiation shield around the beam axis
(labelled as 8), is used to monitor the beam alignment throughout a bombardment. The
collimator also assists in the initial beam focusing and alignment during the stage when
beam intensity is gradually being increased. The current on each individual graphite
sector is measured separately, providing the main interlock to prevent accidental damage
to the station should the beam drift out of alignment. An overcurrent on any sector will
immediately trigger the radio frequency (RF) system to be switched off, removing the beam

within a response time of about 30 milliseconds.

e Targets are irradiated in a normal air atmosphere, outside the vacuum of the cyclotron
and beamline. A helium-cooled, double-foil Havar window isolates the beamline vacuum

from the target station. This window is located between the four-sector collimator and the

9



target holder, in close proximity to these components. The Havar foils are thin (nominally

25 um) therefore causing negligible degradation to the incident beam energy.

* Most of the material budget of the target station resides in the various components of
the local radiation shield. The heavy, multi-layered shield completely surrounds a target
during bombardment, reducing the neutron flux into the vault by approximately three
orders of magnitude, preventing excessive activation inside the vault and also reduces ra-
diation damage to sensitive materials, e.g. polymers such as cable insulation, lubricants,
ete. [ , ]. A description of the shielding materials and their functions will

be given in Section 2.4, where the new 70 MeV target stations are described.

¢ The target station can be in an open state (required for target transfers with the robot
arm) or in a closed state (when preparing the station to receive beam). One section of the
radiation shield (labelled as 9) can move on rails (labelled as 10) to facilitate this change

of state.

* An electro-pneumatically controlled pusher arm locates the target holder in the irradiation
position and also connects the cooling water required to remove the heat generated by the

beam in the targets during a bombardment.

¢ The entire station is electrically isolated from earth, acting as a giant Faraday cup. This
enables the direct measurement of all electric charge accumulated on the station during
a bombardment. The beam current is measured continuously and logged in 1-second

intervals, providing a full beam history for each production run.

Presently, the Elephant is mainly used for the production of relatively short-lived medical ra-

dionuclides, such as "Ga and 12°I.

2.2.2 Target station 2 — Babe

The second target station for radionuclide production commissioned by iThemba LABS was
intended to accommodate semi-permanent targets. Unlike batch targets, the semi-permanent
targets are not exchanged in their totality at the end of bombardment (EOB). The bombarded
target material is usually either a liquid or a gas, which can be removed while the bulk of the
actual target system remains undisturbed in the station. Target Station 2, usually referred
to as Babe, looked like a smaller version of the Elephant. Since no target holders had to be
transported, there were no overhead rail to the station and robot arm for target exchanges.
For several years this station was used for the production of the positron emitter '8F, utilizing
the 80(p,n)!8F nuclear reaction. The bombarded target material was *O-enriched water. The
target water was loaded to, or unloaded from, the target system via thin circular tubes through
which the liquid could be transported as a bolus by means of a compressed gas.

After several years of operation, however, a dedicated 11 MeV PET cyclotron facility was
established at iThemba LABS and the Babe station became dormant. It has recently been
decommissioned and removed from the vault to make space for a new target station, dedicated
to the production of the alpha-emitter 2!!At. Astatine-211 is produced by means of the reaction

209Bi(,2n)?''At. The Babe station was found to be incompatible with the requirements for
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low-energy a-particle beams, requiring a redesign of the infrastructure to be used on that
beamline. Since the particular version of the 70 MeV cyclotron purchased by iThemba LABS
cannot accelerate positive ions, that machine will have no a-particle beam capability. Instead,
the SSC will provide the 28 MeV a-particle beams required. It is foreseen that ?''At will be
the only remaining radionuclide to be produced on a regular basis with the SSC once the

switchover to the new 70 MeV facility has been completed.

2.2.3 Target station 3 - VBTS

The vertical-beam target station (VBTS) was designed to operate at higher beam intensities
than the Elephant, specifically to increase the production rate of longer-lived radionuclides.
It is extensively used for the production of ?Na %®Ge, and 82Sr. While the beam current on a
typical Elephant target is interlocked to not exceed an upper limit of 100 ¢ A, on the VBTS beam
currents are usually in the region of 200-250 uA.

A photograph of the VBTS is shown in Figure 2.2. The design philosophy is the same as for
the Elephant, the main difference being the vertical orientation of the beam. Target transport
to and from the VBTS vault is similar to the Elephant vault and target transfers between the
transporter and the station are also done with a robot arm (labelled as 2). The radiation shield
consists of two near-identical semi-cylinders that move on rails, however, it is not necessary

for the station to be brought to be fully opened when a target holder has to be exchanged.

Figure 2.2: Target station 3, usually referred to as the vertical-beam target station (VBTS), for the bom-
bardment of larger-format batch targets. Salient components indicated by numbers are as follows: (1)
the electrified rail; (2) target transporter terminus; (3) robot arm; (4) diagnostic chamber and vertical
beamline; (5) radiation shield; (6) target transfer hatch; (7) the rail on which shield sectors move when
opening or closing the station; (8) inlet and outlet lines for cooling water. Scale: the ceiling of the vault is
2 m above the floor.
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Instead, a small hatch (labelled as 6) is provided in one of the half-shields (see Figure 2.2)
which can be opened and closed by lifting or lowering a small section (or wedge) of the shield
with a hydraulic hoist. This change was necessary because of space limitations inside the
vault, which also introduced a number of other unavoidable differences. The VBTS is not
electrically isolated from earth as there was no space for a support frame with insulators. The
station can therefore not act as a Faraday cup. Instead, beam current and accumulated charge
are measured with a capacitive probe located in a diagnostic chamber upstream of the station
(see e.g. [STE2013]). Another difference is that the 9-position target magazine, employed on
the Elephant, had to be omitted. The VBTS can only accommodate one target holder at a
time. In practice, however, operation of the VBTS is very similar to that of the Elephant. The
magazine is not strictly necessary for a facility focused on the production of relatively long-lived
radionuclides as target exchanges happen less frequently (not more than once a week).

The principle of tandem targets is shown schematically in Figure 2.3. This is by far the
most-utilized configuration at iThemba LABS for routine radionuclide productions. During
bombardment, the targets are completely surrounded by fast-flowing cooling water (i.e. a 4«
cooling geometry). In cases where sensitive target materials cannot come directly into contact
with the cooling water, those materials are encapsulated (or clad) with a metal that has a
sufficiently high melting point. Depending on the target material, aluminium, niobium and

stainless steel are mainly chosen as capsule material.

H,O0
He ‘2

66 MeV p

|

He HZO

Figure 2.3: LEFT: Schematic diagram illustrating the principle of tandem targets for the simultaneous
production of two radionuclides with the same beam. Target A occupies the higher-energy slot and target
B the lower-energy slot inside the target holder. The targets are surrounded by fast-flowing cooling water
and the beam is incident on the target holder after passing through a double-foil, helium-cooled beamline
exit window. RIGHT: Exploded schematic of a loaded target holder. Salient components indicated by
numbers are as follows: (1) aluminium back-end plug with bayonet fitting; (2) twin encapsulated targets;
(3) quadruple inlet ports for cooling water; (4) quadruple outlet ports for cooling water; (5) moulded rubber
seals; (6) aluminium target-holder body.

Figure 2.4 shows a photograph of a typical VBTS target holder as well as encapsulated ru-
bidium targets for the production of 2Sr. The targets indicated as (a) and (b) in the figure have
similar thicknesses but significantly different diameters (outer diameters of 22 and 40 mm,
respectively). The smaller one (a) is an Elephant target while the larger one (b) is a VBTS target.

The similar target thicknesses ensure similar energy windows, however, the larger diameter of
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the VBTS target provides a larger surface area in contact with the cooling water, thus a larger
surface from which to remove heat. This is the main provision that allows the VBTS to be
operated with higher beam intensities. Similar to the Elephant, the beam is also swept in a
circular fashion on VBTS targets but with a larger sweep radius and also with a higher sweep

frequency of 3 kHz. More detail on tandem targets will be presented in Chapter 5.

Beam direction

)
)

gl =

Figure 2.4: LEFT: A VBTS target holder. RIGHT: Examples of encapsulated Rb targets used at iThemba
LABS on (a) the Elephant, (b) the VBTS, for the production of the radionuclide 3*Sr.

2.3 NEUTRON ACTIVATION CHAMBER

The decision to start activating samples in the secondary-neutron flux directly behind a VBTS
target was made at the time when the MSc project of this author commenced [ l.
Fortunately, the pusher assembly of the station afforded this possibility with relative ease. The
pusher assembly (see Figures 2.5 and 2.6) is very simple in design and consists of four main
parts. It has a circular base plate onto which two cylindrical stainless steel bellows (vacuum
type) with different diameters are welded. At the top of the assembly is a movable platform,
also welded onto the bellows. The platform can be raised by filling the chamber between the
inner and outer bellows with compressed air. Likewise, it can be lowered by removing air. The
existing platform already had a cavity in its centre, inside the inner bellows. The top of this
cavity proved to be a very convenient place to locate a small chamber into which samples for
neutron activation could be sealed. Two such chambers were constructed, each with an inner
diameter of 70 mm and a depth of 10 mm.

It had to be demonstrated that such a chamber could be loaded into the VBTS and removed
after a production run in a safe way. A non-radioactive, spare pusher assembly was used to
practice this, utilizing a 2 m long rod that had a suction cup at one end. The operator would
hold the other end of the rod in his hands, ensuring a safe distance to the suction cup. The
suction cup was connected to a vacuum pump. It was demonstrated that, with the aid of this

tool, one could easily place an activation chamber in the VBTS pusher assembly through the
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Figure 2.5: Central region of the VBTS, showing (1) the pusher assembly, (2) target-holder mounting fork,
(8) assembly containing the helium-cooled, double-foil Havar window, (4) cooling-water lines, (5) helium
lines, and (6) vertical beamline. The photograph was taken with the VBTS is in its open state.

Figure 2.6: Loading of the neutron activation chamber into the spare VBTS pusher assembly. (a) Note the
unoccupied cavity in the centre of the pusher assembly. (b) A sample chamber is brought to the pusher
assembly by means of the 2 m rod and suction cup, ready to be placed inside the cavity. (c) Sample
chamber correctly loaded. (d) The target holder locates snugly over the activation chamber.
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hatch of the VBTS shield (see Figure 2.2) and rapidly remove it afterwards. The procedure is
shown in Figure 2.6. After removal from the VBTS, a sample chamber would be wheeled out of

the vault inside a lead container (also called a lead pig).

2.4 NEW 70 MeV TARGET STATIONS

The lay-out drawing of Figure 2.7 shows the cyclotron and four target stations from above when
all roof structures are removed. It is evident that the design of the new target stations is based
on the existing Elephant but there are a number of differences. Provision is made for only one
target holder in the station at a time (i.e. the magazine was discarded to simplify the design).
The pusher arm was redesigned to supply four times more cooling water to the targets. The
new target holders reflect those of the current VBTS but the actual target outside diameter has
been increased to nominally 52 mm, compared to the corresponding VBTS dimension of 40 mm
and Elephant dimension of 22 mm (see also Figure 2.4). This increase in size will allow more
surface area in contact with the cooling water, thus higher beam currents will be tolerated than
on the older stations. It should be noted that any increase in target size comes with a trade-off,
however, in that more target material has to be chemically processed after bombardment and
consequently more liquid radioactive waste is produced. From an operational perspective, the

new target stations will be very similar to the existing Elephant and VBTS.

Figure 2.7: Top view of the new 70 MeV cyclotron facility, showing the cyclotron in the centre vault (blue
in colour) and two target stations each in the South and North vaults (silver in colour and located to the
left side and the right side of the cyclotron).

Figure 2.8 shows a cross-sectional side view (or cut) through the centre of a new target
station. It is noticeable how small the actual target is compared to the size of the station,
which is dominated by the three layers of the radiation shield. This multi-layer shield consists
of a 500 mm thick inner iron layer, a 200 mm thick paraffin wax middle layer, and a 40 mm
thick lead outer layer. The paraffin wax is impregnated with fine boron carbide powder (2.5%
by weight). The iron inner shield effectively slows down high-energy neutrons (those above

about 4 MeV) to intermediate energies via non-elastic nuclear interactions. Neutrons below

15



Figure 2.8: Cross-sectional side view through the beam axis of the new 70 MeV target station, showing
(1) horizontal beamline, (2) 4-sector collimator, (3) target mount, (4) inner iron shield, (5) middle borated
paraffin-wax shield, (6) outer lead shield, (7) pusher arm, (8) head of pusher arm, and (9) support struc-
ture with rails. The station is shown in a closed, beam-ready state.

Figure 2.9: A zoomed-in view of the target region of Figure 2.8, showing (1) the target mount, (2) 4-sector
collimator, (3) secondary-neutron cavity in the head of the pusher assembly, (4) cooling-water inlet line,
(5) cooling-water return line, (6) helium-cooled double-foil Havar window, and (7) target holder.

4 MeV are moderated to thermal energies in the middle hydrogenous layer by elastic scattering
with the hydrogen nuclei in the paraffin wax. The boron serves to absorb a large fraction of
the thermal neutrons by means of thermal neutron capture reactions. The outer lead shield

mainly serves to attenuate gamma-rays emitted from the hydrogenous material, especially the
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copious high-energy 2.2 MeV photons emitted in the capture of thermal neutrons by hydrogen.
At iThemba LABS, the optimization of such three-layer shields had been investigated previously
by means of Monte Carlo simulations (see e.g. Vermeulen [VER2014]).

An enlargement of the target region of Figure 2.8 is shown in Figure 2.9. The close proximity
of the collimator, double-foil Havar beam-window assembly, target holder, and cavity to activate
materials with secondary neutrons, is evident. To utilize secondary neutrons on these new
stations, a cavity has been provided in the head of the pusher assembly. The cavity has a depth
of 40 mm and a volume of 250 cm?. One of the engineering challenges was to provide a cooling-
water flow with sufficient linear velocity for the effective removal of heat during bombardment.
This was investigated by means of computational fluid dynamics (CFD) modeling of the pusher
assembly and target holder (as a case study in a CFD Workshop also attended by the author
of this thesis but which falls outside the scope of this thesis project). A maximum flow rate of

250 L/min with a differential pressure below 10 bar was achieved.

2.5 FACILITIES FOR STACKED-FOIL EXPERIMENTS

One of the three beamlines in the horizontal-beam vault (or Elephant vault) is dedicated to
experimental activation studies. It currently accommodates an irradiation chamber called
RERAME-II [SZE2005]. The original RERAME (REcoil RAnge MEasurements) facility was de-
signed and built at the Laboratorio Nazionale del Sud (LNS) in Catania, Italy, and was intended
for the activation of very thin, fragile foils [FRE1994]. A similar set-up was established at
iThemba LABS and used for several years on a nuclear physics beamline, before being relo-
cated to a radionuclide production vault. It is ideally suited for the measurement of excitation
functions. A photograph of the RERAME-II facility is shown in Figure 2.10.

Figure 2.10: The RERAME-II irradiation chamber in an opened state, showing (1) the incident beamline,
(2) beamstop, (3) door, (4) adjustable vice, (5) collimator, and (6) O-ring seal.
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The target foils are held in position in a vice mechanism which, together with a collimator
assembly, are conveniently mounted on the door of the chamber. When the door is opened
wide (up to 180° is possible) parts that are normally inside the chamber are brought to the
outside. This simplifies the rapid loading and unloading of target foils. A rotatable handle
on the door controls the opening and closing of the jaws of the vice, allowing foil stacks of
different total lengths to be accommodated. A beryllium oxide (BeO-) viewer is used to focus
the beam, a process that can be observed with a TV camera through a plexiglass window on
the door. The chamber is electrically isolated and provided with electron suppression near the
beamline entrance port. The chamber therefore acts as a true Faraday cup for the accurate
measurement of the beam current and accumulated charge. The door has a vacuum seal along
its outer edge, allowing the closed chamber to be pumped down to a vacuum better than 1x10~°
mbar. If necessary, water cooling of a foil holder can be employed. The chamber has also been
equipped with several electrical feeds-through, one of which is normally used to provide for an
independent measurement of the beam current on the collimator assembly.

A schematic diagram of the RERAME-II chamber is shown in Figure 2.11. Secondary elec-

trons are prevented from scattering back and escaping upstream into the beamline. This is
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Figure 2.11: Diagram showing a cross-sectional view of the RERAME-II irradiation chamber (TOP) and
and enlarged view of the collimator assembly (BOTTOM).
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done via an appropriate placement of Macor insulators and strong permanent magnets of the
samarium-cobalt type, as shown in the figure. A set of different size collimators are available
and a collimator exchange can be performed rapidly. The current of the entire chamber is
normally measured with a Brookhaven Instruments model 1000C current integrator while the
current intercepted by the collimator is measured with a Keithly electrometer. Current values
from both instruments are logged at 1-second intervals with a PC-based system running the
well-known LabVIEW software [ l.

In this study the RERAME-II facility was used for the measurement of excitation functions,
by means of the stacked-foil technique, at two proton-beam energies, namely 40 and 66 MeV.
One experimental run was performed at 40 MeV and two runs at 66 MeV, details of which will
be given in subsequent chapters. The beams were focused such that about two-thirds of the
current penetrated the foil stacks while one-third was intercepted by the collimator. This is
normally done to prevent the beam from being too sharply focused but still being well-defined
on target in a predictable manner. The collimator selected for these stacked-foil activations is

thick enough to stop 66 MeV protons and has an aperture of 4 mm.

One stacked-foil experiment was also performed with a primary proton beam of 200 MeV.
Normally the RERAME-II chamber would also be the facility of choice at this beam energy,
however, its current location is in a vault where the maximum proton energy is only 100 MeV.
The radionuclide production vaults are serviced with a beam switchyard that contains some
dipole bending magnets designed for a maximum proton energy of 100 MeV, as it was never
foreseen that this activity would require beams of higher energy. As the RERAME-II chamber
was being used for several other experiments also during this period, we did not want to disturb
the programme by moving it to another high-energy beamline. Instead, a different set-up was
used for the 200 MeV run, utilizing a chamber that was last used more than two decades ago
but was still available in a good condition. A schematic diagram of this temporary set-up is

shown in Figure 2.12.

From a practical perspective, the small chamber of Figure 2.12 works in the same way as the
RERAME-II chamber except that there is no collimator and also no electron suppression. It is
therefore possible for some charge to escape back along the beamline. The lack of a collimator
has both pros and cons. The beam focus has to be near-perfect, requiring more time for tuning.
However, secondary-neutron production upstream of the foil stack is also reduced, limiting
possible unwanted neutron-induced reactions from disturbing the measurements of primary
interest. Also, this experiment relies more heavily on monitor reactions as the chamber cannot

be assumed to have the properties of a true Faraday chamber.

The procedure followed to activate the foil stack was as follows. The beam viewer, shown as
an insert in Figure 2.12, was initially placed in the position where the stack holder is located
during bombardment. Both the viewer and the stack holder locates onto a quick-release,
water-cooled mounting assembly with an accurate position inside the chamber. The chamber
was then pumped down to vacuum. Once the vacuum reached the same level as that of the
beamline, a vacuum isolation valve between the beamline and chamber was opened. The beam
was then focused to a spot approximately 4 mm in diameter on the viewer. Afterwards the

chamber was isolated from the beamline and vented, before replacing the viewer with the loaded
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stack holder. Once the vacuum was restored and the isolation valve opened, the bombardment

was performed. More detail on these activations will be given in Chapter 4.

Proton beam —H H _-!”'ﬁ]_—i
— W77 = = cooling water

THTTTH ' -

/ Beam stop

Electrical insulator

Plexiglas window \

BeO focusing screen

v
camera

Figure 2.12: Schematic diagram of the irradiation chamber used for the stacked-foil experiment with a
200 MeV proton beam.

2.6 RADIONUCLIDE ASSAYS

Gamma-ray spectra of all activated foils and/or samples of interest were measured off-line,
using high-purity germanium (HPGe) detectors. Measurements were performed in two counting
rooms. The detector set-up in one of the counting rooms is shown in Figure 2.13. The HPGe
detector has a horizontal configuration and is surrounded by a composite Cu/Pb shield to
reduce background events. A standardized source holder can be moved on rails to adjust the
source position to any source-detector distance between O and 2 m. The foils and/or other
samples to be counted are normally mounted on standardized source frames that accurately
locate onto the source holder. The set-up in the second counting room is very similar except
that it has a 6 m long rail, suitable for counting stronger sources.

Most of the sources were counted multiple times. Earlier counting sessions were useful
for identifying and quantifying shorter-lived radionuclides (e.g. half-lives of several hours to
a few days), while later counting sessions with longer counting times typically provided this
information more accurately for longer-lived radionuclides (e.g. half-lives of several days to
many months or years). An added advantage of multiple counting sessions is to obtain yield
data of individual radionuclides as a function of time, which can demonstrate decay according
to the expected half-life. The so called decay-curve analysis, which will be discussed in Chapter
3, played a major role in Chapters 3 and 4 of this study.
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Figure 2.13: Facility for measuring off-line gamma-ray spectra of activated foils or samples, showing (1)
the high-purity germanium (HPGe) detector, (2) liquid nitrogen dewar, (3) composite copper/lead shield,
(4) source frame located on source holder, and (5) source-holder rail.

2.7 ACTIVATION CROSS SECTIONS AND EXCITATION FUNCTIONS

2.7.1 Penetration depth and beam energy

An excitation function of a radionuclide is its activation cross section expressed as a function
of projectile energy. The activation cross section is, in general, energy dependent. Consider a
beam of monoenergetic charged particles incident upon a solid target material. Once inside the
material, a charged particle is surrounded by the Coulomb field created by the electrons and
nuclei of the target atoms, interacting with it. In the case of a proton beam and at energies
relevant to this study, the majority of interactions will be with the atomic electrons, slowing the
protons down. In each interaction between a proton and an electron only a small amount of
the proton’s kinetic energy will be lost in a small-angle scattering event, therefore a large num-
ber of such interactions are likely to occur [AND1977, ZIE1980]. Consequently, the proton’s
kinetic energy decreases with increasing penetration depth. In the continuous slowing-down
approximation (CSDA) the fluctuations associated with individual interactions are neglected,
leading to a unique energy of the charged particle as a function of penetration depth. The par-
ticle’s CSDA range is also unique. In the following paragraphs a stacked-foil experiment will
first be described in the context of the CSDA, before describing important processes beyond
this approximation and how they have been taken into consideration.

A schematic diagram of a typical stacked-foil experiment is shown in Figure 2.14. As the
collimated beam traverses the foil stack it loses energy. Let the foils be numbered from 1 to
J along the beam axis. Consider an arbitrary selected foil with number j, located somewhere
inside the stack. In the CSDA, and provided the incident beam is monoenergetic, the beam
energy will have a unique value at the foil entrance surface, E;, as well as a unique energy at
the exit surface, E; — AE;, where AE} is the energy loss in the foil. It is assumed that the foil is
thin, therefore AE; < E; (also called the thin-target approximation). The energy loss in the foil

can then be expressed in terms of the stopping power at the average energy associated with the
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Figure 2.14: LEFT: Schematic diagram of a stacked-foil experiment, showing a beam incident on (1) a
collimator, (2) the collimated beam traversing through the foil stack, before (3) reaching the beam stop.
The electric current is measured separately on the collimator (4) and experimental chamber (5). RIGHT:
Beam penetration through a single target foil.

foil, taking into consideration that stopping power is a unique function of energy in any given

material:
E;, +E;

AE; =S (JBJ“) Ax;, 2.1)
where Az; is the foil thickness and E;;, = E; —AFE;. Anumber of Fortran codes that implement
this approach have been developed at iThemba LABS (see e.g. Nortier [ 1), utilizing
the stopping-power expressions and parameter data of Andersen and Ziegler [ . The

code ELOSS as well as a version of it modified for stacked-foil calculations, STACK, are still
extensively used at iThemba LABS during the design stages of activation experiments. These
codes are fast and one can quickly find the desired thicknesses of target foils, catcher foils,
degrader foils and monitor foils required for a particular experiment. These codes were also
employed for this purpose in the present project.

The numerous small-angle Coulomb scatterings are, however, not the only interactions
that occur. Non-elastic nuclear interactions of the beam particles with atomic nuclei give
rise to the formation of many radionuclides, both the desired ones and also undesired radio-
contaminants. Stacked-foil investigations usually focus on maximizing the yield of desired ra-
dionuclides while minimizing the yields of co-produced contaminants. Non-elastic interactions
also remove particles from the beam, reducing the beam intensity with increasing penetration
depth. Large-angle scattering of beam particles can likewise remove these particles from the
foil stack. Due to the discrete nature of all the energy-loss mechanisms, a statistical spread
in beam energy builds up gradually as a function of penetration depth, a process referred to
as energy straggling. Also, a real particle beam delivered by an accelerator is not normally
monoenergetic but has a narrow spread in energies to begin with. These effects can all be
included in the analysis of a stacked-foil experiment by means of Monte Carlo simulations.
Such simulations can provide a realistic energy distribution for each foil in the stack. These

distributions are Gaussian in character, from which a mean energy and standard deviation

22



can be derived for each and every foil. Such simulations implicitly provide energy uncertainties
associated with individual foils as well as quantitative information on the attenuation of the
beam intensity with increasing penetration depth. In this work the well-known Monte Carlo
code MCNP6 [ ] was used to model the activation experiments. It has to be mentioned
that an older method exists to estimate beam intensity losses in materials, i.e. from published
tables of non-elastic nuclear interaction probabilities (see e.g. Janni | ]). It is normally
found that the results from Monte Carlo simulations are in good agreement with the older
methods based on CSDA and the Janni tables.

2.7.2 The activation equation

The following derivation refers to Figure 2.14. The arbitrary selected foil identified with index
j is again considered, where 1 < j < J. Let N, be the number of target nuclei per unit area of
the foil and I; the number of incident beam particles per second traversing the foil. The beam
intensity may vary with time, therefore I; is considered to be a function of time; I; = I;(¢). The
number of residual nuclei (of a particular type) formed per second is related, by definition, to

the relevant activation cross section (for that type) as follows:
Rj = o;N;I;, (2.2)

where ¢, is the activation cross section (also called production cross section or formation cross
section). The quantity R; is sometimes referred to as the production rate. In general, the
cross section is a function of energy [0; = ¢;(F)] and the production rate is a function of time
[R; = R;(t)]. For a thin foil the following should be a good approximation:

oj=0 (EJ—’_QEJH) . (2.3)

The number of target nuclei per unit area in the foil is given by

_ pAzZ;Ny

N; 1

(2.4)

where p is the density of the target material (or partial density of the target element in the
case of mixtures or compounds), N4 is Avogadro’s number, A is the atomic mass in units of
AMU, and Az; is the thickness of foil number j in the stack. This description assumes that foil
number 1 will be the first foil of a particular type at the front of the stack and foil number J
the last foil of that same type at the back of the stack.

Let T' denote the duration of the bombardment period, starting at time ¢ = 0. The following

times and quantities can then be defined:

t=0: Beginning of bombardment (BOB),
AT : Time increment of current integrator log (1 second in this study),
n: Total number of time increments in bombardment period,

t=T =nAT: End of bombardment (EOB).
The end of each time interval is given by
t; =¢AT forall 1<i<n. (2.5)
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The number of residual nuclei (of a given type) produced in time increment ¢ in foil number j
is given by

ANj(ti) = Rj(tl)AT forall 1 <i<n. (26]
Let time ¢ = t¢,.; be a reference time after EOB (i.e. ¢,y > T) and let the nuclide formed be

associated with a radionuclide that has a half-life 73 ,. The contribution of the radioactivity

formed in time increment ¢ to the radioactivity at reference time ¢t = ¢,..s is given by
AAj(tres,ti) = MAN;(t;)exp[—A(tres — ti)], (2.7)
where A = In(2)/T} , is the decay constant. Substitution of Equations 2.2 and 2.6 into 2.7 gives
AAj(tres,ti) = AN;o; L (6) ATexp[—A(tres — ti)]- (2.8)

The total activity of foil no. j at reference time ¢ = t¢,.; is obtained by summing over all time

increments:

Aj(tref) = Z AAj(tref,ti) = )\NijATZIj(ti)exp[—)\(tref — tz)] (29]
=1 i=1

The beam intensity associated with foil no. j, I;(¢;), can be written as follows:
Ii(t;) = Iveam(ti) x Fj (2.10)

where F} is the beam attenuation factor (in this work these attenuation factors for final results
were determined from Monte Carlo simulations) and lje.m(¢;) is the measured intensity of the

incident beam at time ¢;. Substitution of Equation 2.10 into Equation 2.9 finally gives

Aj(tres) = AN FjAT Y Tpeam (t:)exp[=Altres — t;)]. (2.11)

i=1
Equation 2.11 is a convenient form of the so-called activation equation and the one used in
this study. Other forms exist in the literature, e.g. for a constant beam intensity (see e.g.
Bonardi et al. | 1), in which case the equation can be further simplified by eliminating

the summation.

2.7.3 Spectrometric activity determination

The measured activity of foil no. j is determined from its full-energy photo-peak area. Since
these measurements take place over finite time intervals, every measured activity can be asso-
ciated with a unique time within its counting interval. Let the counting times of foil no. j be

defined as follows:

t =tstare : Beginning of counting period,

t=tstop : End of counting period.
The real time of the measurement is given by

Treal = tstop - tsta'rt> (2 12]

and the live time by
Tlive = Treal — AT7 (213]
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where A7 is the dead time of the spectrometry system, a quantity that is generally count-rate

dependent. The measured activity (of a given type) is given by

A
Aity,) = —2—, 2.14
’ ( ) Tlive€y€d ( ]
where A, is the area of the full-energy photo-peak of a characteristic v-line, ¢, is the branching
ratio of that ~v-line, ¢, is the detector efficiency for that particular v-energy, and ¢,, is the mean
value within the time interval (¢5:,,¢, tstop) Where the actual activity equals the average activity

over that counting period. Thus

tstop

! A (t)dt. (2.15)

(tstop - tstart)

tstart

Aj (tm) =

Referring all activities in terms of the starting activity at ¢ = t,,+ gives

tstop

/ exp(—At)dt. (2.16)

start

Aj (tstart)

Aj (tstart)exp(fAtm) =5 m
stop star

After integration and rearranging terms t¢,, is found to be

tm =——1n

(2.17)
)\ _)\(tstart - tstop)

1 exp(—Atstart) — exp()\tstop)}
2.7.4 Activation cross sections

An expression for the cross section derived from spectrometric measurements is finally ob-

tained from Equations 2.11 and 2.14 by equating the reference and measurement times:

n A
Aj (t'rn) = )\NjO’ijAT ; Ibea'rn(ti)exp[_A(tm - tt)] = ﬁ. (2 18]
One finds a general expression for the cross section by rearranging terms:
A
o = d (2.19)

AN TLive€x€aFFAT Y Tpeam (ti)exp[—A(tm — t;)]
i=1

The set of values .. (t;), for all 1 < i < n, generally is referred to as the “beam history”. Equa-
tion 2.19 was extensively utilized in this study to extract cross-section values from measured
gamma-ray spectra. A formal definition of an excitation function is the set of values ¢;, for all

1 <j < J, which is generally shown as a plot of cross section versus projectile energy.

2.7.5 Concluding remarks

The designation of foils in a stacked-foil experiment is often not strict. For example, all foils
degrade the beam energy, not only the so-called “degrader foils”. In addition to the target
foils and monitor foils, some foils also act as “catcher foils”. Recoiling nuclei and/or fission
fragments formed in close proximity to a foil surface may escape and be collected in an adjacent

foil. It is sometimes useful to ensure that adjacent foils are of a sufficiently different material
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to be able to determine the escaped fraction experimentally during the counting. Sometimes
it is useful to permanently sandwich a target foil between two catcher foils and to count these
activated sandwiches as a whole. There are various ways to design a good experiment — each
must be judged on its own merits and none are perfect. Sisterson [ | showed that recoil
losses are usually quite small (well below the 1% level) and can often be neglected, becoming
significant only for very thin foils. Dedicated catcher foils may nevertheless be useful in certain
cases to avoid contamination of adjacent foils, especially in the cases where fission fragments
(covering a wide mass range) are copiously produced.

Many of the techniques described above can also be utilized for thicker targets, as any such
target can be modelled as an assembly of thinner targets by subdivision. In the code STACK,
for example, a parameter can be specified allowing each foil to be subdivided into a number of

thinner layers, ensuring the thin-target approximation (see Subsection 2.7.1) remains valid.

2.8 INTEGRAL YIELDS

2.8.1 The physical yield

Once an excitation function for the production of a radionuclide via a particular production
route has been determined, it is useful to compute the integral physical yield (also sometimes
called thick-target yield) as this provides a quick way to find yields of targets in specific energy
windows within the available energy region investigated. The integral physical yield curve is
a monotonically increasing function of projectile energy, starting at the threshold energy of
the relevant nuclear reaction. Let o(E) be a known excitation function with units in mb. Let
S(E) be the stopping power function of a target material in units of MeV-(g/cm?)~!. In order to
be more general, the target material is a compound consisting of well-defined molecules. The

integral physical yield (in units of Bq/uAh) is given by

E/
E)
Ye(E') = Koo o(F) g 2.2
PE) = Ko [ B, (2.20
Einres

where Fy..; is the threshold energy of the relevant reaction and E’ > Ejp,..s. The normalization

factor K, o is given by

-3
Knorm =A (Nzn) <36 10 ) (1 X 10727) ) (221]
e

where A is the molar mass of the target material in atomic mass units (AMU), 7 is the number
of target atoms of the desired species per molecule of the target material, N4 is Avogadro’s
number, and e is the charge of the projectile (the value for protons is 1.602 x 107!? C). Note
that the number of protons corresponding to 1 zAh of accumulated charge is 3.6 x 1073 /e. The
conversion factor from mb to cm? is 1 x 10727,

If the target is a pure element, A in Equation 2.21 becomes the atomic mass (in AMU) and
n = 1. The integral physical yield always represents an upper limit as it neglects losses, e.g.
decay losses, beam attenuation losses, etc. In this work the functions ¢(F) and S(E) were first
evaluated by fitting of appropriate curves through selected data sets, either cubic splines or

polynomials. The fitted functions were used in the evaluation of the integral in Equation 2.20.
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2.8.2 The production yield at the end of bombardment

The relationship between the physical yield and the production yield at the end of bombardment
(EOB) is derived below. It is useful to first subdivide the bombardment period, 7, into a large
number, n, of infinitesimal time intervals of duration A¢. The bombardment period is then
given by
T = nAt. (2.22)
Let the bombardment produce R radioactive nuclei per second of the type described by the
excitation function. The total number of radioactive nuclei formed during the bombardment is
then given by
Niotas = RT = RnAt. (2.23)

This number is larger than the number of such radioactive nuclei left at EOB as some would
have decayed during the bombardment period. The relationship between Npop and Niyq is
found by including radioactive decay and summing over all the time intervals of the bombard-
ment period. The summation can be converted to an integral by taking the limit where At — 0:

Ngop = Z RAt exp[—\(T — iAt)],
i=1

= R exp[-AT —iAt)|At,
i=1

T
= R [ exp[-A(T — iAt)]dt,
/

- R [GXP(_)‘T)[QXP()\T) _ 1]} 7
1— —
= R [exp()\T)} . (2.24)
A
Multiplying both the numerator and denominator in Equation 2.24 with T leads to
B 1 —exp(—=AT)
Ngop = RT [ T } ;
1 —exp(=AT)
= N, — . 2.2
total |: 2 ( 5]

The factor in square brackets of Equation 2.25 is a survival probability, i.e. the fraction of ra-
dioactive nuclei formed during the entire bombardment still left at EOB. The relevant activities
are found by multiplying both sides of the equal sign with A, while the yields can be obtained
by dividing both sides of the equal sign by the accumulated charge, Q:

<AN503> _ (ANgtal>{1ex;jEAT)]’

1- e;;pT(—AT)] |

-'-YEOB(E/) = YP(E/)|: (2.26]

Equation 2.26 does not correct for beam attenuation losses. Normally it is sufficient to make
an estimate as follows [ I:

1 —exp(—=AT)

Yeos(E') = Yp(E") { T

} -7, 2.27)
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where P is a mean nonelastic nuclear interaction probability for the energy window of the
target. The beam attenuation factor, [I — P], can also be determined by performing a Monte
Carlo simulation of the target and beam. For a production energy window (E;,, E,,:), where

both F;, and E,,; are larger than the threshold energy and F;,, > F,.:, the following rule applies:

YP(Eina Eout) = YP(Ezn) - YP(Eout)~ (228]
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Chapter 3

Selected excitation functions of **Th+p and

nat\Mg+p reactions up to 70 MeV

3.1 INTRODUCTION

The ability to target malignant cells while sparing healthy cells is a highly desirable goal in
cancer therapy. Targeted alpha therapy (TAT) is a specialized field of targeted radionuclide
therapy (TRT) with the aim of exploiting the short path length of the a-particle in tissue to
increase the selectivity of radiation treatment to malignant cells while decreasing the risk of
damage to surrounding healthy cells [ ]. Compared to other emissions from decaying
radionuclides (e.g. f~-particles, neutrons and protons) the heavier a-particles with +2 electric
charge typically deposit their energy over a much shorter range in tissue (typically 50-100 pm).
An emitted a-particle deposits between 500 and 1500 times more energy per unit path length
than a g~ -particle. This high linear energy transfer (LET) of the order of 100 keV/um pro-
vides excellent cytotoxicity that manifests itself within the range of typical cell dimensions.
The main approach is for radiolabelled biomolecules (functioning as disease-targeting vectors)
with selectivity for malignant cells to carry the a-emitting radionuclide as a toxic payload to
those targeted cells, with each subsequent a-decay delivering a lethal dose preferentially to
a malignant cell. In particular, the short path length of the «-particle makes it attractive
as a modality for the treatment of so-called “minimal disease”, i.e. micro metastases and/or
residual remnants after surgical removal of a primary tumour, hematological cancers, and var-
ious types of small-cell carcinomas. In addition, unlike other forms of radiation, a-particles
have the ability to cause significant double-stranded breaks in Deoxyribonucleic Acid (DNA)
which are more resistant to DNA repair mechanisms, leading to apoptotic cell death (see e.g.
[ , , , , , ], and references therein).

Alpha-emitting radionuclides with potential for TAT are few. The most commonly reported
a-emitters for this purpose in the literature include ??°Ac, 2!3Bi, 223:224Ra, 2!?Pb, 226:227Th, 2!!At,
and Y°Tb (see e.g. [ , , , ). Some a-emitters are provided
by generators, e.g. 2?°Ac/?'*Bi and 23°U/??Th generators, both of which can be produced by
the proton bombardment of thorium (**?Th has a 100% natural abundance).

Alluded to in Chapter 1, a new generation of high-current, 70 MeV H~ cyclotrons is well

suited to provide certain high-value, relatively long-lived radionuclides in bulk, such as ??Na,

29



68Ge, and ®?Sr. A question that has yet to receive a definitive answer is whether proton-activated
thorium can efficaciously be included in the production programme at such a facility, mainly
for supplying the ?2Ac/?'*Bi generator, but possibly also the 230U /2?2Th generator. The current
situation seems to be one where a large ???Ac supply-and-demand mismatch is likely to con-
tinue well into the foreseeable future (see e.g. the review article by Engle [ ]). Efforts by
larger proton accelerators, in particular by a number of linear accelerators (linacs) with signifi-
cant radionuclide production programmes, will likely reduce this mismatch but not completely
satisfy the growing demand. Therefore, some scope may exist for certain smaller accelerators

to also contribute to ?2°Ac supply.

The main objective of the present study was to investigate the feasibility of including natu-
ral thorium targets in the production regimen of a 70 MeV H~ cyclotron facility that supports
a dedicated radionuclide production programme. While this topic is already quite mature at
higher proton energies, especially above 100 MeV, various aspects still require scrutiny at en-
ergies of 70 MeV and below. The quality of existing data was also deemed problematic at these
lower energies due to sparseness and discrepancies. Therefore, new excitation functions were
measured for Th+p reactions to augment rather sparse data and resolve existing discrepan-
cies. The radionuclides of main interest from the perspective of this study are ?2°Ac and #°U,
in particular for their respective roles in ??°Ac/?'*Bi and 2?°U/?2Th generators. Targeted alpha
therapy (TAT) is an active area of research and radiopharmaceutical development, with the
demand for ?2°Ac, in particular, reported to far exceed its supply, thus hampering clinical trials

(see e.g. [ , , , D.

It has to be stressed that our main interest was to determine the feasibility of making
225 7¢/?13Bi generators for supporting a ?'3Bi-based radiopharmaceutical programme, and not
225Ac for direct application in an ??°Ac-based radiopharmaceutical programme. With tho-
rium targetry, the latter is affected by a low level of the long-lived radio-contaminant 227Ac
Ty, = 21.772 y). According to Robertson et al. [ ], an acceptable limit for 22’Ac in
225 Ac-based TAT has yet to be established. While an ?2°Ac product with a significantly re-
duced ?*"Ac contamination level (by more than three orders of magnitude) can be obtained
from a 2?Ra/??°Ac generator, this comes at the cost of a much lower yield, clearly well out-
side the scope of a 70 MeV cyclotron. This very important ?2”Ac contamination issue, which is
less important from the perspective of ?2°Ac/?'3Bi generators, will be discussed in more detail
in Section 3.5. It is convenient, however, to introduce here a different notation for directly-
produced ?2°Ac and ??°Ac provided via a ??°Ra/??°Ac generator, as first introduced by Robert-
son et al. | ] at TRIUMF in Canada. According to this scheme, a thorium target is
bombarded with protons, followed by a “first pass” radiochemical separation to isolate ??°Ac,
which will also contain some unavoidable co-produced ??”Ac contaminant. This “first-pass” or
“directly-produced” ??°Ac is denoted as 227:22°Ac'. After the separation of 227:22°Acf, isotopes of
Ra are separated in a “second pass” radiochemical separation, including ??°Ra, which feeds

225 Ac via beta decay. This “second-pass” or “generator-produced” ??°Ac is denoted as ??°Ac*.

We want to emphasize again that the ultra-pure ?2Ac* product cannot be obtained by means
of a 70 MeV H~ cyclotron as the proton energy is too low. In fact, ?2>Ac* is a topic for the next

chapter (Chapter 4) of this thesis. While “standard purity” 227225Ac’ produced by means of a
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70 MeV H~ cyclotron may perhaps be suitable for direct application in humans, here we are
more interested in its use in ?2°Ac/?!3Bi generators. This can be better explained by referring
to the relevant part of the Chart of the Nuclides, reproduced with permission in Figure 3.1. As
can be seen from the figure, the dominant mode of decay of ??°Ac is a-emission (near 100%).
In contrast, the dominant mode of decay of 22”Ac is 3~ -emission (98.26%) with a-emission con-
tributing only 1.38% of disintegrations. The dominant decay chain of ?2Ac proceeds via strong
a-emitters: 2?°Ac(100% a)—22'Fr(100% «)—2'7At(99.99% a)—213Bi. In contrast, the strongest
227Ac decay chain leading to Bi is weak: 227Ac(1.38% «)—22Fr(0.006% a)—2'°At(100% a)—2'°Bi.
Thus, feeding of Bi via ?>”Ac decay is negligible, therefore any 22”Ac present on an ?2°Ac/?'3Bi

generator is quite unimportant and can readily be tolerated.
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Figure 3.1: Relevant part of the Karlsruhe Chart of the Nuclides for 2**Th+p reactions leading to ?**Ac
and **°U. Black represents stable nuclides. Yellow represents a-decay. Blue represents 5~ - decay. Red
represents 37 -emission and electron capture decay modes. With permission © Nucleonica GmbH 2022.

A secondary objective of this series of stacked-foil experiments was to revisit the production
of ?Na by means of proton-induced reactions on natural magnesium. In this case, similarly,
the existing excitation-function data for "**Mg+p exhibited some rather long-standing and quite
large discrepancies. The main application of ??Na is in positron sources for positron beam
systems (see e.g. Krause-Rehberg et al. [KRA2004]). As already mentioned, ?Na is an important
radionuclide for iThemba LABS, regularly produced and exported. In this case "**Mg foils could

easily be included in the relevant foil stacks without disturbing the main objectives of the study.

3.2 EXPERIMENTAL ASPECTS AND CONSIDERATIONS

3.2.1 Irradiations

Two foil stacks were irradiated with primary proton beams of nominally 40 and 66 MeV, deliv-
ered by the SSC. Each irradiation lasted 5 hours at a beam current of 50 nA. The stacks were
activated six months apart to allow sufficient time for repeated counting of the relatively long-

lived activation products of main interest. Both irradiations were performed in the RERAME
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chamber (see Section 2.5). In addition to values derived from monitor reactions, the beam
energies were also measured independently by means of a calibrated 90° analysis magnet. The
requested beams from the cyclotron were for 40 and 66 MeV protons. The cyclotron staff per-
formed the measurements with the analysis magnet and reported values of 40.0 £ 0.3 and
66.6 + 0.5 MeV, henceforth referred to as the 40 and 66 MeV beams. Ideally we would have
liked a 70 MeV beam instead of 66 MeV but the reality is that 66 MeV protons are routinely
available for radionuclide production at iThemba LABS. This made it difficult to motivate for
only a minor energy change to 70 MeV. Extrapolation of results to 70 MeV thus depended on
trends exhibited by existing data as well as model calculations.

Each stack contained thirteen natural Th foils of 25 ym nominal thickness, 99.7% purity,
supplied by Goodfellow, UK. All Th foils were sandwiched between 25 ym thick Kapton foils,
which served as catchers for volatile reaction products, fission fragments, and recoil ions. This
approach is similar to the approach by Weidner et al. [ , ] except that the
Los Alamos team used Kapton tape, whereas in this work dry Kapton foils were used instead,
joined only at the foil edges with small spots of adhesive. The method ensured that no adhesive
was present in the path of the beam, which otherwise might have introduced layers of unknown
thickness. We adopted this method as a precaution, taking into account that the present
work entailed measurements at lower proton energies than the Weidner investigations, which
would have resulted in larger energy losses in such layers and larger associated uncertainties.
Behind each Th sandwich was placed a "**Mg foil of 50 ym nominal thickness (99.9% purity,
Goodfellow, UK) and a series of monitor and degrader foils, which differed in the two stacks.
In the 40 MeV stack, natural Cu and Ti foils served as monitors, interspersed with Al degrader
foils of varying thicknesses to provide a data-point separation of approximately 2.5 MeV. The
Cu foils of 50 ym nominal thickness, Ti foils of 25 ym nominal thickness, and Al foils with a
range of thicknesses varying from 25 to 500 um all had a specified purity of 99.9% or better,
supplied by Goodfellow, UK. In the 66 MeV stack, some of the Al foils served as both degrader
and monitor foils, again interspersed to provide a data-point separation of about 2.5 MeV. The

areal thicknesses of individual foils were accurately determined by weighing.

3.2.2 Radionuclide assays

Starting a couple of days after EOB and continuing for several months after the activation
of a stack, v-ray spectra were measured off-line with a calibrated HPGe detector (from DSG
Detector Systems, Germany) with a relative efficiency of 15% and a resolution of 1.8 keV FWHM
at 1.33 MeV. The counting system consisted of a Canberra DSA 1000 multi-channel analyzer
connected to a PC running the Canberra Genie 2000 analysis software. The foils were mounted
on standard Al frames that fit accurately onto a custom-made source holder (see Section 2.6
for more detail). The same was done for standard calibration point sources of °Co, '3*Ba
and !%2Eu, traceable to the National Institute of Standards and Technology (NIST) in the US.
The Th and Kapton foils were not separated but counted as single Kapton-Th-Kapton source
sandwiches. Not all the degrader Al foils were counted but only a selection that also served as
monitors, in order to reproduce the relevant monitor excitation functions. All radionuclides of

main interest formed in the Mg, Al, Cu and Ti foils could be identified and quantified from their
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respective y-ray emissions. For the Th foils, however, identification and quantification had to
be performed based on the v-ray emissions of daughter radionuclides in several cases.

Quantitative spectrometry of ??°Ac and ??°Ra was not possible via their respective charac-
teristic y-rays as these are quite weak, dominated by other strong v-lines and the cumulative
Compton background in the measured spectra. The 218.0 keV (11.44%) ~-line of the daughter
nuclide ?2'Fr could, however, be observed cleanly. Since ??’Ra feeds 2?°Ac via 100% (3~ decay
and 22°Ac feeds 22'Fr via 100% a-decay, a decay-curve analysis of the 22'Fr activity could be
performed to determine the A = 225 precursor yields. This required secular equilibrium of
221Fr, which was assured as it has a relatively short half-life of 4.801 minutes.

The radionuclide ?3°U is formed via the 3~ -decay of its precursor, ?*Pa, the latter of which
is formed directly by the 232Th(p,3n)?*°Pa reaction. Thus, the relevant excitation function in

this case is for the formation of 239Pa.

3.2.3 Data analysis

The irradiations of both foil stacks were simulated with the Monte Carlo radiation transport
code MCNP6 | ]. The geometry of each stack was modelled completely and an in-
dividual flux tally (so-called F4 tally) was defined on the volume suspended by each foil of
interest, allowing the calculation of the proton energy distribution within a foil. The upper and
lower energy limits as well as the discrete energy increment for each foil tally were individually
tailored to capture the beam in an energy spectrum with sufficient detail. From the result-
ing energy distribution, the average energy, FWHM energy spread (caused by straggling) and
correction factor for loss of protons via non-elastic nuclear interactions could be determined.
Once this task was completed in a series of short test runs, a long run was performed with
a particle history of 10 x 10° protons for each stack. This was sufficient to obtain good Monte
Carlo event statistics. In these particular Monte Carlo runs the selected physics model was the
Cascade-Exciton Model (CEM), which is the default of the MCNP6 code. All foils were modelled
as squares with 25 mm widths and experimentally determined thicknesses, closely spaced in
a stack. The beam was cylindrical with a 3 mm diameter, incident on the centre of the stack.

The simulation of an entire stacked-foil experiment in a single Monte Carlo run was not done
before at iThemba LABS. A comparison was therefore made of the proton energies and beam
attenuation factors associated with individual foils obtained by means of older deterministic
calculations (i.e. with the in-house code STACK) with corresponding Monte Carlo results. As
an example, the numerical values for Th foils in the 66 MeV stack are presented in Table 3.1.
It is clear that the energy values are in good agreement within experimental uncertainties,
including an incident beam-energy uncertainty of 0.5 MeV as supplied by the cyclotron staff.
The attenuation of the beam at the depth of the last thorium foil (Th-13) is still less than 4%,
thus the beam attenuation corrections are relatively small.

The effect of energy straggling is best illustrated by considering a monoenergetic incident
beam, shown for selected thorium foils of the 66 MeV stack in Figure 3.2. For each foil the
energy-bin size was adjusted in MCNP6 to capture the distribution in 200 bins. The widths of
the distributions increase with penetration depth. It was found that even deep inside the stack

(Th-13) the energy distribution was still very much Gaussian.
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Table 3.1: Comparison of proton energies and beam attenuation factors associated with the Th foils in
the 66 MeV stack, obtained from the code STACK and the Monte Carlo code MCNP6. (See Section 2.7 for
definition of the notation.)

Foil Code

STACK MCNP6

Ej [MeV) Fj Ej + AEJ (MeV) Fj

Th-1 66.88 0.9999 66.87 £ 0.50 0.9998
Th-2 64.50 0.9963 64.65 £ 0.52 0.9966
Th-3 62.05 0.9927 62.20+ 0.55 0.9936
Th-4 59.82 0.9894 60.00 £ 0.57 0.9910
Th-5 57.53 0.9862 57.73 £0.60 0.9882
Th-6 55.18 0.9830 55.40 +0.62 0.9853
Th-7 52.74 0.9797 53.02 £ 0.65 0.9823
Th-8 50.52 0.9768 50.80 +£ 0.67 0.9805
Th-9 48.22 0.9739 48.53+0.71 0.9777
Th-10 45.85 0.9709 46.17 £0.72 0.9748
Th-11 43.76 0.9684 44.08+ 0.75 0.9724
Th-12 41.61 0.9659 41.96 £0.76 0.9696
Th-13 39.35 0.9633 39.72 £0.81 0.9671

30000 b9——u—e o 00 0

250000
Th-12 Th-10 Th-8 Th-6 Th-4 Th-2

| :

200000

150000 -

100000

Number of proton histories

50000

o

w
o
I
o
(o)
o
o
o
~
o

Proton energy (MeV)

Figure 3.2: Energy distributions of protons in selected Th foils of the 66 MeV stack, obtained with the
Monte Carlo code MCNP6. The number of particle histories was 10 x 10° in each case and the number of
energy bins 200 for each distribution.

Cross sections were determined from the measured full-energy photopeak areas using the
well-known activation equation, including corrections for decay during and after bombardment
and during counting (see Section 2.7). The nuclear decay data used are presented in Table 3.2,

taken from the NuDat 3.0 online library [ l.
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Table 3.2: Decay data of investigated radionuclides®.

Nuclide Half-life Decay mode ~-rays (keV) Intensity (%)
"Be 53.22 d e: 100% 477.6035 10.44
22Na 2.6018y EC + 8T: 100% 1274.537 99.94
?4Na 14.997h  (57: 100% 1368.626 99.9936
8y 15.9735d EC + 8+: 100% 983.525 99.98
58Co 70.86 d EC + 8T: 100% 810.9593 99.45
627Zn 9.186 h EC + 37: 100% 596.56 26.0
221pr 286.1 s a: ~100%; = < 0.1% 218.0 11.44
225A¢ 9.920d a: 100% — —

225Ra 14.9d B7: 100% — —

230pga 17.4d €: 92.2%; 87: 7.8%; a: 0.0032% 951.88 29.6

“Taken from NuDaT 3.0 (http://www.nndc.bnl.gov/nudat2/). Checked for updates in August 2022.

The total uncertainties in the measured cross sections were obtained by summing all con-
tributing uncertainties in quadrature. These values are expressed with a 1o (68%) confidence
level. In the majority of cases statistical uncertainties are negligible compared to systematic
uncertainties except where the cross sections become very small, e.g. near reaction thresholds.
The systematic uncertainties include an uncertainty in beam-current integration (3%), detec-
tor efficiency (5%), counting geometry (1%), and decay corrections (2%). An uncertainty of 3%
was estimated for foil thickness except in the case of Mg, where the value was doubled to 6%.
Whereas most of the foils appeared to have smooth, even surfaces, the Mg foils appeared more
uneven due to surface imperfections. Results from the Mg foils also exhibited larger scatter
compared to results from the other foils in the stacks.

For the 40 MeV stack the reactions "*'Ti(p,x)**V and "*Cu(p,x)%2Zn were chosen for moni-
toring purposes. The relevant cross sections extracted from the Ti and Cu monitor foils were
compared with the JAEA-recommended reference cross sections (Hermanne et al. [ 1,
downloaded from the IAEA-NDS Medical Portal (accessible via www-nds.iaea.org). The initial
proton energies associated with the new measurements were adopted from the Monte Carlo
simulation performed with a beam energy of 40.0 MeV. While the overall agreement was ac-
ceptable, there nevertheless appeared to be a small energy shift between the measured and
reference data sets. A series of Monte Carlo simulations were subsequently performed with
adjusted beam energies, by increments of 0.1 MeV or multiples of 0.1 MeV. The best overall
agreement was obtained with a beam energy of 40.3 MeV, shown in Figures 3.3 and 3.4 for the
two monitor reactions, respectively. A beam energy of 40.3 + 0.3 MeV was therefore adopted
for this experiment, which is marginally higher than the value of 40.0 + 0.3 MeV obtained
from the analysis magnet but still within the experimental uncertainty. Thus, the measured
excitation functions of this study are presented with a true reference to the monitor excitation
functions rather than the analysis-magnet values. As is evident from Figures 3.3 and 3.4, the
general agreement between the IAEA reference values and our measured values is acceptable
within experimental uncertainties.

In the case of the 66 MeV stack, the reaction 27Al(p,x)?’Na (Hermanne et al. | ) was

chosen for monitoring purposes as well as the 22Na/"Be cross-section ratio, the latter of which
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Figure 3.3: IAEA reference excitation function for the "t Tj(p,x)*®V reaction (Hermanne et al. [
and corresponding cross sections measured in this study for monitoring the 40 MeV stack.
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Figure 3.4: IAEA reference excitation function for the ™*‘Cu(p,x)®*Zn reaction (Hermanne et al

[ ) and corresponding cross sections measured in this study for monitoring the 40 MeV stack.

was shown in previous work to have particularly useful sensitivity in the proton-energy region

45-200 MeV (Szelecsényi et al. [

). Similar to the 40 MeV stack, a series of Monte Carlo

simulations were performed to determine the incident beam energy that best reproduces the

reference excitation function, independent of the measurement with the analysis-magnet. The
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Figure 3.5: IAEA reference excitation function for the 2"Al(p,x)**Na reaction (Hermanne et al. | )]

and corresponding cross sections measured in this study for monitoring the 66 MeV stack.
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Figure 3.6: Cross-section ratio of *?Na/"Be in Al plotted versus proton energy, used as an additional
monitor in the 66 MeV stack. Literature values are from Szelecsényi et al. [ 1.

best overall agreement was obtained with a beam energy of 67.0 MeV, shown in Figures 3.5
and 3.6 for ??Na and the ??Na/"Be cross-section ratio in Al+p, respectively. A beam energy of
67.0 + 0.5 MeV was therefore adopted, i.e. marginally higher than the value of 66.6 + 0.5 MeV

obtained from the analysis magnet. This situation is similar to the 40 MeV stack, i.e. for
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both stacks the analysis-magnet values are marginally lower than values obtained from the
monitor-foil analysis but by less than 1%, well within experimental uncertainties.

As already mentioned, cross sections and yields for the formation of ??°Ac and ??’Ra were
determined from a decay-curve analysis of the measured activity of the daughter ?*!Fr. This
is the same approach as that of Weidner et al. [ , ] except that whereas
those authors used a Markov chain Monte Carlo (MCMC) analysis with software that is not
generally available, in this work a different strategy was pursued using commercially available
software. Firstly, from existing data it was known that the formation cross sections of ?*’Ra
was unlikely to exceed 15% of that of ??°Ac in this energy region. Secondly, one could exploit
the fact that for any given ?2°Ra/??°Ac cross-section ratio the shape of the decay curve would
be fixed. This means that for any given ??°Ra/?**Ac ratio, the corresponding ?2!Fr decay curve
can be represented by a shape function that contains no free parameters, multiplied by a sin-
gle normalization factor that represents its source strength. For the purposes of this analysis,
31 such shape functions were established, for ??°Ra/??°Ac cross-section ratios ranging from O
to 0.15 (or 0% to 15% 22°Ra relative to ??°Ac) in steps of 0.005 (i.e. 0.5% increments of ?2°Ra
relative to 22°Ac). These shape functions, together with a normalization factor as the only free
parameter, were then incorporated as a set of user-defined functions in the automated curve
fitting and equation discovery software TableCurve | . This entire set of functions
could be fitted simultaneously, by means of the damped least-squares Levenberg-Marquardt
algorithm of TableCurve, on a measured set of 22! Fr activities from the same source foil mea-
sured repeatedly over a period of approximately 60 days (i.e. 2>'Fr activity as a function of
time). The software would also automatically rank these 31 equations according to a selected
goodness-of-fit criterion (e.g. the reduced chi-squared statistic amongst several others that are
available). The premise was that the curve that fitted the measured decay-data best would
provide a reasonable quantification of both the ??°Ra and 2?°Ac content in that foil.

Growth-and-decay curves of 2'Fr from ??’Ra and ??’Ac decay were calculated numerically,
including the bombardment period, using the actual bombardment conditions. This was done
using a discrete time sequence, covering a period of 60 days in 5 sec intervals. Each of the
31 curves obtained in this way was normalized to unity at its maximum value, in order to
represent a shape function. As a check, the decay part was also calculated analytically by
solving the Bateman equation for the simple case of a chain of three isotopes, which agreed
very well with the numerical approach. It was found that these curves could be well reproduced
in TableCurve with 8-parameter Padé approximants. Finally, the set of user-defined functions
contained 31 equations with the following form:

a+cx+em2+ggc3

fa)=A 1+ bz +da? + fa3 + hat]’ .1

where the independent variable  would be time, A is the only free parameter, while the coef-
ficients a through h are constants determined by prior fitting of the numerically-derived shape
functions in TableCurve. Figure 3.7 shows the reduced chi-squared statistic (x2,,) of the indi-
vidual fits, plotted versus the 22°Ra/?25Ac ratio, for six of the Th foils. The minimum in each
case represents the best fit. It is evident that the ??°Ra content is highest in the foil labelled

Th-1, located at the high-energy side of the stack. The ??Ra content systematically decreases
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Figure 3.7: Reduced chi-squared statistic (x2.,) plotted versus the **Ra/?*’Ac cross-section ratio for
selected thorium foils of the 66 MeV stack. Each point represents the value of the goodness-of-fit criterion
pertaining to a least-squares fit of a calculated decay curve on a set of ?*'Fr daughter activities, measured
repeatedly over a period of approximately 60 days (see text). The text in magenta indicates the associated
proton energies of the foils obtained from the MCNP6 Monte Carlo simulation of the stack.

towards lower proton energies and is no longer observable in the foil labelled Th-8, thus only
the seven foils at highest proton energies contained observable amounts of ?*’Ra.

Two more points need to be mentioned concerning the least-squares fitting of Equation 3.1
on measured decay-curve data. Firstly, in order to assign equal significance to all measured
values of a decay curve, inverse weighting was implemented. This was necessary because the
values of measured yields spanned between one and two orders of magnitude. The default
implementation in TableCurve is to make all weighting factors equal to 1, which in this case
would have resulted in assigning more significance to data measured at earlier times. One is
warned about this potential issue in the TableCurve manual | | and suggested ways to
address this. Secondly, the calculated decay curves (from which Equation 3.1 was obtained)
can potentially be affected by precursors of ??’Ra, such as 2?Fr, which are also produced in
232Th+p reactions. In fact, the 232Th(p,2a)?*°Fr reaction has a positive Q-value - that channel
is open at all relevant energies. In practice, however, this is not an issue because ??Fr has
a much shorter half-life of only 4.77 minutes. It would have completely decayed to ?*’Ra
(Th /2 = 14.6 d) by the time the spectra measurements commenced. Extracted cross sections
for 2?°Ra will therefore be cumulative. There is also evidence that ?*Fr yields would be small

compared to ??Ra yields at the relevant proton energies, to be discussed next.
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3.3 RESULTS AND DISCUSSION

3.3.1 Excitation functions

The measured cross sections for 22°Ac, ??°Ra, and ?*°Pa from ?*2Th+p are presented in Table 3.3.
The 2?’Ac cross sections are compared with selected literature data sets in Figure 3.8. Our new
data exhibit a well-delineated peak with a maximum at about 55 MeV and an effective threshold
near 40 MeV. The values of Gauvin et al. [ | are consistently lower, in the region of
the peak by more than a factor of 2. The most recent literature values are by Duchemin et
al. [ ] from a study that also investigated up to 70 MeV. These authors presented only
four data points, with the two at lower energies in excellent agreement with the present results.
Their data point closest to the peak region is higher than the trend of our data but still within

their experimental uncertainty, while the value at highest energy seems to be higher and just

outside the experimental uncertainty. The studies of Ermolaev et al. | ] and Weidner
etal [ ] were conducted at higher beam energies and the data shown constitute only
the subsets of lowest values. The study by Weidner et al. | ] presented eleven cross-

section values below 200 MeV with only two values below 70 MeV. A point at 72.8 MeV has
also been included in the figure as it is close enough to the present energy region of interest.
Weidner’s values at 72.8 and 64.9 MeV are in very good agreement with the trend of the present
study. However, the value at their lowest energy, at 56.3 MeV, is well below the general trend
for the peak region. At this energy the present study shows a still rising trend towards lower

energies while Weidner’s value seems to be dropping already towards the effective threshold,
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Figure 3.8: Cross sections for the formation of ***Ac in the proton bombardment of 2*>Th. Note that
the TENDL-2021 values have been renormalized using a scale factor SF = 0.13. Literature values
are from Gauvin | ], Ermolaev et al. | ], Weidner et al. | ], and Duchemin et
al. 1.
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Table 3.3: Measured cross sections for formation of ?**Ac, ?**Ra, and ?*°Pa in proton irradiation of **Th.

Proton energy

Cross section

(MeV) (mb)
225AC 225Ra 230Pa
66.97 £0.50  (4.7340.34) x 1079 (4.86 £1.23) x 10~} (1.78 £0.12) x 10*!
64.654+0.52  (5.12+£0.39) x 1070 (3.824+1.16) x 1071 (1.87 £0.13) x 10*!
62.20 £0.55  (5.384+0.39) x 1079 (3.01 £1.08) x 10~  (2.00 £ 0.14) x 10*!
60.00 £0.57  (5.894+0.43) x 1079 (1.81 £0.73) x 10~} (2.16 £0.15) x 10*!
57.73+0.60  (6.34 £0.45) x 1070 (1.2940.58) x 1071  (2.05 £ 0.14) x 10*!
55.40 £ 0.62  (6.55+0.47) x 10T (9.94 £4.97) x 1072 (2.26 + 0.16) x 10*1
53.02+0.65  (6.35+£0.45) x 1070 (3.18 £1.74) x 1072 (2.33 £0.16) x 1071
50.80 £ 0.67  (6.16 & 0.44) x 107° - (2.48 £0.17) x 107!
48.534+0.71  (5.32+0.38) x 1070 — (2.62 +£0.18) x 10+!
46.17£0.72  (3.9740.28) x 1070 - (2.64 £+ 0.19) x 107!
44.08 £0.75  (2.7240.20) x 1070 - (2.8140.20) x 107!
41.96 +0.76  (1.40 £0.11) x 1070 - (3.08 £0.22) x 10+!
40.25+£0.30  (3.65 4 0.50) x 10~* - (3.234£0.23) x 107!
39.72+£0.81  (4.1140.63) x 1071 - (3.39 £0.24) x 107!
38.06 4 0.33 - - (3.54 +0.25) x 107!
35.74 4 0.35 - - (3.80 £0.27) x 10+!
33.30 £0.39 — - (4.32 4+ 0.30) x 107!
30.74 £ 0.42 - - (6.12 4 0.43) x 107!
28.50 + 0.45 - - (6.69 £ 0.47) x 107!
26.11 4 0.49 - - (1.17 £ 0.08) x 1072
23.54 + 0.52 - - (2.42 4 0.17) x 10*2
21.41 £ 0.55 - - (3.52 4 0.25) x 1072
19.12 £ 0.60 — — (2.26 4 0.16) x 10*2
16.54 4 0.66 - - (7.87£0.55) x 10™!
13.63 £0.76 - - (7.51+£0.57) x 107!

also in contrast with Ermolaev’'s and Duchemin’s data in this region. Several studies favour
an effective threshold near 40 MeV except that of Ermolaev et al., the latter of which found
significant non-zero values as low down in energy as 21 MeV. Near 70 MeV, the present results
are in agreement with Weidner while both Ermolaev and Duchemin found higher values, in
good agreement with each other.

The discrepancies between the different data sets shown in Figure 3.8 are significant but not
easy to explain. It is likely that the two data points of Ermolaev below the effective threshold
near 40 MeV resulted from neutron activation of those foils as their primary beam energy was
quite high (nominally 158 MeV), producing a significant forward flux of relatively high-energy
neutrons from nuclear reactions upstream in the stack. Several neutron-induced reaction
channels are open, e.g. ?3?Th(n,5nt)?**Ac (Q = -33.426 MeV; Ej..s = 33.571 MeV) according to
the QCalc online Q-value calculator of Brookhaven National Laboratory (BNL) [ . It is
perhaps not a good idea to degrade a primary beam of that energy down to such low energies in
one stack. It is important, however, to note that the concept of an “effective threshold” is quite
arbitrary and purely based on observation. Various reaction channels leading to ??°Ra and

2Z5Ac are open at relatively low energies and the actual thresholds are much lower. Using the
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QCalc online Q-value calculator, the following reaction channels were found to have the lowest
thresholds for their formation: 23?Th(p,2nda)??°Ra (Q = -10.961 MeV; E;..s = 11.008 MeV)
and #*?Th(p,4na)??°Ac (Q = -13.612 MeV; Ey,.s = 13.671 MeV). However, it appears that some
reaction channels characterized by significant cluster emissions contribute minimally to the
formation of those radioisotopes. Consistent with the results in the TENDL library, the produc-
tion cross sections become significant at energies above the thresholds where more individual
nucleons can emerge, e.g. 232Th(p,6n2p)??°Ac (Q = -41.907 MeV; Eij,,cs = 42.089 MeV).

Recently a Coordinated Research Project (CRP) of the IAEA published the results of cross-
section evaluations for selected therapeutic radionuclides (Engle et al. [ 1), the numer-
ical values of which can be downloaded from the Medical Portal of the Nuclear Data Section
(IAEA-NDS) website. The data for the 222Th(p,x)??’Ac reaction from that evaluation are shown
as a curve in Figure 3.8. The evaluators seem to have assigned considerably more weight to the
values of Weidner et al. than any of the other data sets, especially in the energy region below
70 MeV. This is understandable, taking into consideration the large scatter in the data available
to them. In this study, new integral yields were calculated based on a spline fit of the present
results, also shown in the figure. Finally, the prediction from the TENDL-2021 library is shown
for purposes of comparison after performing a renormalization (scale factor SF = 0.13) as these
values are considerably higher than any measured values. A well-delineated peak is predicted
with an effective threshold similar to our measurements, which is reassuring, although it is
somewhat narrower. Note that these TENDL cross sections represent direct production path-
ways as well as a relatively small beta-decay contribution from 22Th decay, the latter of which
predominantly decays by alpha emission (90%). In the context of 225Ac production, the focus of
the majority of previous studies was more towards the higher energies, in particular the energy

region 70-200 MeV, a discussion of which will be returned to later.

As can be seen from Table 3.3, the cross sections for formation of **Ra (I}, = 14.9 d) are
about an order of magnitude smaller than for **°Ac (T}, = 9.92 d) at the same energy. Thus,
225Ra can at most contribute only a few percent to 2?°Ac formation via its decay, also taking into
account that the former has a larger half-life than the latter. The small (< 1 mb) ??°Ra cross
sections preclude production of ??°Ra/??°Ac generators, which has been alluded to earlier. It
should also be noted that the data presented in Table 3.3 for 22> Ac do not contain contributions

from 2?°Ra decay due to the way the decay-curve analysis was performed.

The cross sections for the 22?Th(p,3n)**’Pa reaction of the present study are compared with
selected literature values in Figure 3.9. The agreement between the different data sets is
generally good, much improved compared to the ??>Ac case. The IAEA evaluated cross sections
were adopted from threshold up to 30 MeV but between 30 and 70 MeV a new spline fit was
performed. The IAEA evaluated data (Engle et al. | ]) only extend up to 40 MeV. It was
found that the Padé fit by the evaluators do not reproduce their own selected data between
30 and 40 MeV very well, exhibiting a consistent underprediction that gets worse towards
higher energies. The high-energy tail region of the excitation function is, admittedly, of less
importance than the peak region when making yield estimates. By and large, for the majority
of other radionuclides, the evaluated cross sections of Engle et al. are found to be based on

excellent fits of the selected experimental cross-section data and this particular, somewhat
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Figure 3.9: Cross sections for the formation of *°Pa in the proton bombardment of ?**Th. Note that the
TENDL-2021 values have been renormalized using a scale factor SF = 0.95. Literature values are from
Kudo et al. [ |, Roshchin et al. | ], Morgenstern et al. [ ], Jost et al. | 1,
and Radchenko et al. | 1.

poorer fit seems to be an isolated case. The TENDL-2021 prediction reproduces the shape of
the experimental excitation function very well, in particular the effective threshold but the peak
is somewhat shifted towards higher energies by about 2 MeV. For purposes of comparison, the
TENDL values were renormalized (scale factor SF = 0.95) as these predictions are systematically
higher than the experimental results by a small amount.

The measured cross sections of this work for 22Na and ?*Na from "*Mg+p are presented in
Table 3.4. Figure 3.10 shows the cross sections for the "**Mg(p,x)*?Na nuclear process. Magne-
sium has three stable isotopes, namely >*Mg (78.99%), 2°Mg (10.00%), and Mg (11.01%), ac-
cording to which the TENDL-2021 cross sections for the individual target isotopes were weighed
and summed incoherently. All experimental data sets show some scatter. The data set of La-
gunas Solar et al. | ] has too much scatter to delineate the shape of the excitation
function. The present measurements agree reasonably well with the values of Sisterson et al.
[ ] and Michel et al. | ]. The data of Lagunas Solar was disregarded for purposes
of the spline fit but all other data were included. As before, this spline fit was used for calculat-
ing an integral-yield curve. The TENDL-2021 prediction reproduces the shape of the excitation
function quite well but, once again, the absolute values are overpredicted. A renormalization
was therefore performed for purposes of comparison (scale factor SF = 0.66).

Cross sections for ?Na formation were also extracted from the measured Mg spectra, pre-
sented in Figure 3.11 as a side result. Similar to the ??Na case, the data of Lagunas Solar
et al. have too much scatter to delineate the shape of the excitation function. The other data
exhibit good agreement. Without the need for any renormalization, the TENDL-2021 prediction

reproduces both the shape and absolute magnitude of the excitation function quite well.
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Table 3.4: Measured cross sections for formation of >*Na and **Na in proton irradiation of "*'Mg.

Isotope Cross section
(MeV) (mb)
22Na 24Na

66.78 +£0.50 (5.81 +0.50) x 1071 (6.27 4 0.54) x 1070
64.46 +£0.53  (5.954+0.51) x 1071 (6.61 &+ 0.57) x 1070
62.00 +0.55 (6.57 = 0.56) x 10T (7.23 +£0.62) x 10+
59.81 4+ 0.57 (6.47 £ 0.56) x 1071 (7.0240.61) x 101
57.54+0.60 (6.85 4 0.59) x 1071 (7.36 £+ 0.63) x 1070
55.21 +£0.62 (6.8540.59) x 1071 (7.53 +0.65) x 1070
52.77+0.65 (7.10 +0.61) x 1071 (8.07 £ 0.70) x 1070
50.56 £ 0.67 (7.424+0.64) x 1071 (8.34 +0.72) x 1070
4828 £0.71 (7.60 £0.65) x 10*!  (8.10 +0.70) x 10+
4593 £0.71 (7.82+0.67) x 10*!  (8.44 +0.73) x 10+
43.84+£0.75 (7.82+0.67) x 1071 (8.324+0.72) x 101
41.73+£0.76 (7.67£0.66) x 10t (8.25+0.71) x 101
39.87+0.30 (6.98 +0.60) x 1071 (7.33 4+ 0.63) x 1070
39.44+0.81 (6.9540.60) x 101 (7.86 & 0.68) x 107°
37.67+0.33 (6.49 +0.56) x 1071 (7.20 4 0.62) x 1070
35.35+0.36  (5.11 +£0.44) x 1071 (6.52 4 0.56) x 1070
32.924+0.39 (3.534+0.30) x 1071 (5.80 4 0.50) x 1070
30.36 £0.42 (2.4240.21) x 1071 (5.48 +0.47) x 1070
28.09 +0.45 (1.5340.13) x 1071 (5.55 4 0.48) x 1070
25.68 +£0.48 (9.924+0.87) x 1019 (5.36 4 0.46) x 1070
23.09+0.51  (7.39+0.64) x 1019 (4.61 4 0.40) x 1070
20.96 +0.55 (5.45+0.49) x 1070 (3.29 4 0.28) x 10+
18.61 £0.62 (5.38 £0.49) x 1070 (1.59 4 0.14) x 1070
15.99 +£0.68 (9.61 £0.84) x 1070 (2.39 £0.21) x 107!
12.9440.80 (1.09+0.10) x 10T} (4.87 £0.43) x 1072
9.284+0.93  (6.58 4 0.60) x 107° —

587+1.35 (6.23+£0.56) x 107! -

In Figures 3.9 and 3.10 we compared our new measurements with cross sections by authors
who published not earlier than 1990. There are limited older data from the Fifties to the
Seventies that were not included, mainly as the larger comparison is a bit messy and not very
helpful. The decision was therefore made to do the comparison with results of measurements

from the later era only, when high-resolution HPGe detectors became commercially available.

3.3.2 Integral yields

Thick-target yields for ??°Ac and ??Na production have been calculated based on the spline fits
on the experimental data shown in Figures 3.8 and 3.10, respectively. These are deliberately
plotted on the same graph in Figure 3.12 to illustrate that a very similar value of just above
1.3 MBq/uAh is obtained for both radionuclides at 70 MeV, albeit the curves have different

trends due to different effective thresholds. In our opinion, this result requires some pause for
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Figure 3.11: Cross sections for the formation of **Na in the proton bombardment of "**Mg. Note that
the TENDL-2019 values have not been renormalized. Literature values are from Wilson et al. |
Lagunas-Solar and Carvacho [ |, and Michel at al. [ l.

consideration. Both Ermolaev et al. |

1.

] and Duchemin et al. | ] commented

on the low yield at an energy of 70 MeV and below. Duchemin at al. expressed the view that
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Figure 3.12: Integral physical yields for the production of ***Ac and **Na in the proton bombardment of
232Th and "**Mg, respectively.

225A¢ production “will be interesting only with accelerators able to deliver protons with an
energy higher than 100 MeV”. This latter view was expressed based on their own investigation
at 70 MeV. The opinion that we came to is that, while the 2?2°Ac yield with 70 MeV protons
is admittedly quite low, it is not too low for production purposes. In support of this view, it
should be noted that iThemba LABS has been producing Ci quantities of ?2Na per annum via
the bombardment of "**Mg targets with 66 MeV protons over the last two decades, despite the
low yield. Similar Ci quantities can be obtained for 2?°Ac, as clearly depicted by Figure 3.12.
Small cross sections can be overcome by the bombardment of high-performance targets with
high-intensity beams, which modern cyclotrons can ably deliver (e.g. targets that can withstand
extended bombardments with beam powers of 15 kW or more).

Any counter arguments on ??°Ac production at a 70 MeV cyclotron facility should be made
based on its final use, scale of production, and perceived importance. Robertson [ ] re-
ported a world-wide supply of ?2°Ac of less than 2 Ci per annum in 2018, a situation which has
probably not changed significantly to date. A review on viable methods of production by Engle
[ ] reported a similar annual yield, describing a difficult landscape from a production
point of view, concluding that global supply of ?2°Ac will likely continue to be sourced from a
patchwork of production methods and laboratories. While difficult to predict future demand,
Robertson et al. estimate a quantity of 5-10 Ci per annum for each ???Ac-based therapy that is
approved for clinical use, and should the development of ?'3Bi-radiopharmaceuticals also in-
crease, the demand can be considerably higher. Clearly, 70 MeV cyclotrons cannot contribute
on a large scale to alleviate the overall ??’Ac demand shortage but can make a contribution,
especially to the ?13Bi supply. There are caveats, however, such as the sourcing of the Th tar-

get material and availability of sufficient processing hot-cell facilities. Thorium supply should
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not, in principle, be a major problem as it has a geochemical concentration of between 3 and
4 times higher than uranium in the Earth’s crust, roughly 60% the abundance of lead (see
e.g. IAEA-TECDOC-1877 [ ). According to this IAEA report, South Africa has total
thorium stockpiled reserves of about 15 000 tons.

Figure 3.12 also shows the IAEA evaluated thick-target yield curve (Engle et al. | 1)
which is expected to have a smaller slope, reaching a value of about 1 MBq/uAh at 70 MeV.
Duchemin et al. ] reported a value of 1.6 MBq/uAh at 70 MeV, thus the 1.3 MBq/uAh
found in the present study lies in-between.

Thick-target yields for the 2*?Th(p,3n)?*’Pa reaction are shown in Figure 3.13. The curve of
this study is the same as the IAEA evaluated curve from threshold to 30 MeV, then deviating
with a higher trend towards higher energies. The IAEA evaluation only extends to 40 MeV.
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Figure 3.13: Integral physical yields for the production of **°Pa in the proton bombardment of 2**Th.
Note that the IAEA evaluated curve is shifted marginally towards higher energies for purposes of display
as the two curves would otherwise largely overlap below 30 MeV.

3.4 TARGETRY

Two tandem-target configurations that are routinely utilized at iThemba LABS for large-scale
productions are "*'Mg/"*Ga (for ’Na/%8Ge) and "*'Rb/"*'Ga (for 82Sr/%®Ge). Currently these
targets are bombarded with 66 MeV protons and beam currents typically in the range 200-
250 pA. Similar targetry is envisaged for the new 70 MeV cyclotron facility, albeit scaled up
for the modest increase in beam energy but also to accommodate higher beam intensities.
Routine bombardments with 70 MeV proton beams of 300 uA (or even higher) seem feasible.
The tandem-target concept has already been described in Section 2.2 and a schematic diagram

presented in Figure 2.3. The feasibility of introducing Th targets into such a production scheme
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at a 70 MeV cyclotron facility remains to be answered. In this investigation we were primarily
interested in six combinations of tandem targets, namely those with "*Mg, "*Rb or **?Th in
the higher-energy window and either "*Ga or 2*>Th in the lower-energy window.

It is useful to compare actual production yields from such targets, as predicted by the avail-
able nuclear data, for the relevant radionuclides. The IAEA recently published new evaluated
cross sections and physical yields for the "*Rb(p,x)?Sr and "*Gal(p,x)°®Ge reactions (Tarkanyi
et al. | ) which have been adopted in this study. Two specific energy windows of
0 — 26 MeV and 38 — 62 MeV have been selected together with a 70 MeV incident proton beam.
The significance of these two energy windows is that they represent the case where the thermal
loads on the two targets are practically the same, i.e. balanced, taking also into account the
energy loss in the target capsule walls of 0.5 mm thickness (which is quite similar whether the
material is stainless steel, Inconel or niobium). The energy loss on both encapsulated targets
will be close to 31 MeV in this case. It should be noted that one usually cannot exploit the
full beam energy due to various dead layers in a real target system, e.g. from windows, capsule
walls and cooling-water layers. Figure 3.14 shows the fitted or evaluated curves of the rele-
vant excitation functions on the same plot. The appropriate energy window for each produced
radionuclide is the one containing the maximum of the excitation function in all cases. For
purposes of comparison, a 24-hour bombardment at a beam current of 250 ;A was selected.
The resulting physical yields and end-of-bombardment (EOB) production yields, the latter of

which took decay during the bombardment period into account, are presented in Table 3.5.
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Figure 3.14: Fitted and/or evaluated excitation functions for the reactions "*'Mg(p,x)**Na,
Z2Th(p,x)*?° Ac, "' Ga(p,x)*®*Ge, "*'Rb(p,x)*?Sr, and ***Th(p,3n)**’Pa. A and B denote the higher and lower
energy windows (also called energy slots), respectively.

Interestingly, for three of the five radionuclides in Table 3.5 the physical yield is of the
order of 1 MBq/uAh (#2Na, ®*Ge and ???Ac) which, admittedly, is rather low. Yet the production
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Table 3.5: Yields of radionuclides considered for tandem targetry at a 70 MeV cyclotron facility.

Nuclide Target Energy window Target mass® Physical yield Production yield®

material (MeV) (8) (MBq/pAh) (MBq ; mCi)
2Na natMg A (38 — 62) 51.1 0.826 4954.4 ; 133.9
68Ge natGa B (0 — 26) 24.7 1.14 6831.3 ; 184.6
82Sr natRb A (38 — 62) 67.3 10.69 63270.7 ; 1710.1
25A¢ 22Th A (38 — 62) 89.1 0.917 5314.2 ; 143.6
230pa 232Th B (0 — 26) 39.6 6.42 37739.3 ; 1020.0

“Assuming a target diameter of 52 mm (nominally 2 inches).
*For a 24-hour bombardment with a beam current of 250 pA.

yields at EOB after a 24-hour bombardment are significant, all well above 100 mCi. The
produced activity is enough for two Krause-Rehberg type 2?Na positron sources or for two
225pc/?13Bi generators. The expected ?2°Ac yield is even slightly higher than the ??Na yield.
One can conclude that a regular producer of ?’2Na and %®Ge should not find the inclusion of
225A¢/?13Bi generators in their production programme a daunting task, at least not from a
production-rate point of view. There are several caveats, however, e.g. a clean separation of
the Ac from the Th target matrix as well as a plethora of co-produced radio-contaminants. The
latter include several fission fragments with similar chemical properties to Ac (see e.g. Engle et
al. | ]). In his review article, Engle [ ] also commented on factors referred to
as “logistical hardships”, e.g. the use of a controlled nuclear material, its availability, various
radiological and logistical challenges, etc. Very relevant to some potential producers may be a
transport issue, should target processing have to be performed at another location than where
the targets are bombarded. It is also possible that the type of radiation waste produced has to
be stored at a location significantly distant from that of the accelerator.

In Table 3.5 a 24-hour bombardment was considered for purposes of comparison but often,
for the routine production of those relatively long-lived radionuclides, the bombardment will
be over several days. Multi-day bombardments can produce Ci-quantities of all those radionu-
clides. For ?°Na and %8Ge this has been done at iThemba LABS for many years.

The interest in ?3°Pa is because of its role as a precursor for U (see e.g. Friend et al
[ ]). Unfortunately, its 5~ branching ratio is only 7.8%. Assuming the Pa separation is
performed just after EOB, the ?*°U yield from 23°Pa decay will reach a maximum after 27.5 days
from EOB, a point in time where the 23°U activity will only be 2.62% of the EOB 23°Pa yield. The
24-hour bombardment described above will, therefore, only produce 988.8 MBq (25.7 mCi) of
230U, Morgenstern et al. [ ] described a similar production in a 50-hour bombardment,
200 pA beam, with an energy window of O — 33.5 MeV resulting in a yield of 2.37 GBq (64 mCi)
230y 28 days after EOB. An estimate for that case using the data of the present study cor-
roborated that result to within 3%, i.e. within experimental uncertainties. This level of yield,
while admittedly quite low, is nevertheless considered by Morgenstern and co-workers to be
clinically relevant. The final 2*°U product is also of very high radionuclidic quality, carrier-free
for all practical purposes. Productions of several hundred mCi ?*°Pa can be performed, taking

into account that single bombardments with an accumulated charge in the region of 20 000 to
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50000 pAh, or even higher, are quite common at facilities that produce such relatively long-
lived radionuclides on a large scale (such as iThemba LABS).

Table 3.5 also shows the corresponding target masses for thermally-balanced energy win-
dows, assuming a target diameter of 52 mm. These are typical target sizes at facilities that
produce those particular radionuclides in bulk. Indeed, such massive targets are routinely
processed at several laboratories across the world. As thorium is quite abundant and not
prohibitively expensive, irradiated target material does not have to be recycled and re-used.

To conclude this section, it may be mentioned that the balancing of the thermal loads on
the two targets is not a hard requirement. Individual targets in a tandem configuration can
be fine-tuned to have a different ratio, within limits. If the main aim is 2*°Pa production, one
might consider increasing the upper-energy value of the lower-energy window to increase its

yield. A thermal balance, however, always remains a good approach.

3.5 COMMENTS ON ACTINIUM-227 CONTAMINATION

Returning to the matter of 2?2”Ac contamination of ??’Ac produced via Th+p reactions, it is
fortunate that a thorough evaluation of the relevant ?2”Ac cross sections has recently been
published by Engle et al. | ] from threshold up to 200 MeV. The numerical data of
these cross sections as well as the associated integral yields can be downloaded from the
Medical Portal of the IJAEA-NDS website (www-nds.iaea.org). This allowed us to evaluate the
22TAc/??5Ac yield ratio for various energy windows, using the new ??°Ac data of this work up to
70 MeV in conjunction with the existing IAEA-NDS evaluated data between 70 and 200 MeV.
In Figure 3.15 the physical-yield ratio of 227Ac to 22°Ac, expressed as a percentage, is plotted
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Figure 3.15: Physical-yield ratio of ?*"Ac to ?*’Ac, expressed as a percentage, as a function of entrance
proton energy for the case of an exit proton energy of 38 MeV. Note that the suggested energy window for
225 Ac production on a Th target is 62 — 38 MeV in this study.
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versus entrance proton energy for the case of an exit proton energy of 38 MeV (i.e. just below
the effective 22°Ac formation threshold) on a thorium target. The resulting curve is rather flat
and featureless over a large part of the energy region, from about 50 to 200 MeV, with a value
of the order of 0.1%. Below 50 MeV the 22”Ac contamination level increases sharply.

Ermolaev et al. | ] made a statement that in addition to a low ?2°Ac yield at energies
below 70 MeV, the contamination level by co-produced, long-lived **"Ac (T}, = 21.772 a) will
become unacceptably high. Below about 50 MeV their statement is true. However, the outlook
seems much more positive with an entrance energy between 60 and 70 MeV. Table 3.6 presents
the expected 22"Ac impurity level relative to the ?2°Ac activity in a Th target at the end of a 24-
hour bombardment, for selected energy windows up to 200 MeV. These energy windows have
similar width but different entrance and exit energies, in order to compare the proposed energy
window of 38 — 62 MeV with other possibilities over the full energy region up to 200 MeV. It is
evident that the level of the 22" Ac contaminant is similar for all the energy windows and, for the
38 — 62 MeV energy window, even marginally better than at higher energies.

From the perspective of 22°Ac/?13Bi generators, it should be noted that there is no significant
feeding of any Bi nuclides from 2?"Ac decay, both because of its long half-life and very small
cumulative a-decay branching ratio to relatively short-lived **°Bi (I3, = 7.6 m) of only 7.75 x

107°%. The presence of ?2"Ac is not expected to affect the efficacy of an ??°Ac/?'*Bi generator.

Table 3.6: *?"Ac impurity level in a Th target (as a percentage of the *?°Ac activity) at the end of a 24-hour
bombardment, for selected energy windows.

Entrance energy Exit energy 227 Ac impurity
(MeV) (MeV) (%)
200 175 0.096
175 150 0.112
150 125 0.125
125 100 0.133
100 75 0.141
75 50 0.078
62 38 0.083
50 25 0.265

The values in bold font represent the energy window of most interest to a 70 MeV cyclotron facility.

3.6 CONCLUSIONS

Should the production of ??°Ac/?'3Bi generators be deemed important enough, they can cer-
tainly be produced at a 70 MeV H~ cyclotron facility. While the production rate achievable with
such a cyclotron can never compete with those of the larger, higher-energy linac facilities (e.g.
BLIP at Brookhaven, IPF at Los Alamos, etc.), few of these larger accelerators exist in the world.
Therefore, the new generation of commercial 70 MeV H™ cyclotrons can make a contribution.
None of these accelerators will likely be able to produce 2?°Ac on a truly commercial scale, in the
way that a modern 70 MeV H~ cyclotron in recent years can supply a radionuclide like 82Sr in

bulk. Even the large linacs cannot produce ?2°Ac without some level of 22" Ac contamination, an
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issue which is still under investigation. Some authors have pointed out that the production of
clean ??*Ac depends on future advances in technology | , ]. It is noteworthy,
however, that with a 70 MeV primary proton beam, utilizing a 38 — 62 MeV energy window on
a thorium target, the radionuclidic purity of 22°Ac is, in fact, not worse (as previously reported)
but rather slightly better than at other higher-energy windows in the region up to 200 MeV.
Concerning production rate, typical yields for ?2Ac will be similar to that of >?Na and %Ge, the
latter two of which have already been produced for many years on a semi-commercial scale at
a beam energy close to that of a modern 70 MeV H™~ cyclotron.

Similar arguments can be made for the production of 22°U/??5Th generators. Since a lower
production energy window is required, more facilities in the world can contribute to its provi-
sion even though the yield is low. Should it become an important generator, its production can
be done with well-established infrastructure. In the context of a 70 MeV H™ cyclotron facility,
high-performance Th targetry will introduce significant logistical challenges, however, should
such an endeavour be deemed important enough, these issues can be solved.

The dual-beam capability of most commercial 70 MeV H™ cyclotrons provides additional flex-
ibility as four targets can be bombarded simultaneously, utilizing two tandem-target systems.
In principle, four different radionuclides can be produced simultaneously with the possibility
to include both ?2Na and ?2°Ac in the same production run, albeit on different beamlines.

To conclude, it may be mentioned that ??°Ac/?'3Bi generators are already in use in South
Africa by Sathekge and co-workers [ | at the University of Pretoria. Furthermore, the
experimental results obtained from the stacked-foil experiments described in this chapter have
already been published as a journal article [ ] and the new associated numerical data
have been incorporated into the EXFOR nuclear data library by the IAEA as entry no. D1013.
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Chapter 4

Selected excitation functions of **Th+p
reactions between 100 and 200 MeV

4.1 INTRODUCTION AND BACKGROUND

This part of the thesis project deviates somewhat from the original concept, which initially
focused only on the new 70 MeV H™ cyclotron facility that is now becoming a reality at iThemba
LABS. It should be realized that when this project commenced, the approval for the 70 MeV
cyclotron facility was still a future event. Indeed, there was doubt at that time whether it would
become a reality. In January 2018 the Programme Advisory Committee (PAC) of iThemba LABS
favourably accepted a letter of intent (LOI) to investigate the production of some alpha emitters
at the laboratory. In December 2018 the PAC approved a proposal to perform stacked-foil
experiments that contain thorium foils. The original proposal asked for proton beams of 40
and 66 MeV only. The PAC, however, approved the project (PR312a) with a proviso, namely
that it should be extended to higher proton energies of at least 140 MeV but ideally up to
200 MeV, in which case they would assign it the highest priority (i.e. priority 1).

Unfortunately the study at higher energies was seriously delayed. We planned to do the
40 and 66 MeV stack irradiations about 6 months apart in 2019, followed by a 200 MeV
irradiation of a foil stack in early 2020. The two stacked-foil investigations at lower energies
were performed as planned but then the Covid-19 pandemic arrived, causing a long delay for
the availability of a 200 MeV proton beam until late in 2021. Due to various levels of lockdown,
a significant percentage of laboratory staff worked off-site and/or from home. Student and
external user access to iThemba LABS was also largely curbed during most of 2020 and 2021.
All of these measures contributed to a situation where the earlier results have already been
published (see [ 1) while completion of the measurements and most of the analysis of
the 200 MeV stack spilled over into 2022.

From the perspective of this project, the main interest in the 100-200 MeV energy region are
the two products ?27:22°Ac' and ??°Ac*, as defined by Robertson et al. | ] and already
discussed in Chapter 3. Here, again, it should be kept in mind that at the time this project
commenced, the notation 22722°Ac' and 2?°Ac* could not yet have been familiar to us as some of
the seminal results from TRIUMF were then still unpublished. Events out of our control (such

as the Covid-19 pandemic) and investigations elsewhere changed the landscape in which we
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operated. Nevertheless, nuclear data relevant to 225Ac* production still remain scarce, therefore
some of our new data still appear to be relevant and needed.

From the perspective of iThemba LABS, the production of neither ?27?2°Ac' nor ?*°Ac* is
currently pursued. Rather, the focus is on the feasibility to add them to a future production
regimen, should they become important enough to do so in South Africa. The SSC can provide
proton beams up to 200 MeV. Currently, however, there is no capability to provide 200 MeV
proton beams with the required high intensity (e.g. beam current between, say, 100 and 300 pA)
at iThemba LABS. In principle such a capability can be developed for the SSC, should it become
a priority; there are ways to do this. Alternatively one can ponder what the properties should
be of a dedicated accelerator to produce these ???Ac products in bulk.

In this chapter we investigate some of these aspects purely from a nuclear data point of view,
i.e. what is possible or not based on what one can glean from the nuclear data only. This is not
to say that other aspects are not important, i.e. economics, supply chain, separation chemistry,
radioactive waste handling, etc. Indeed they are, but are just not part of our current focus and

outside the scope of this project.

4.2 EXPERIMENTAL ASPECTS AND CONSIDERATIONS

4.2.1 Irradiations

The foil stack was irradiated with a primary proton beam of 200 + 1 MeV, delivered by the SSC
facility of iThemba LABS. As explained in Section 2.5, the RERAME chamber was not used for
this experiment but the irradiation chamber shown in Figure 2.12 was used instead. The beam
was focused to a spot of about 3 mm in diameter on the front of the stack. The irradiation
lasted 5 hours at a beam current of nominally 50 nA.

The stack contained nine thorium foils of 50 xm nominal thickness and 99.7% purity, sup-
plied by Goodfellow, UK. Note that this is double the thickness used in the 40 and 66 MeV
stacks. Similar to the previous stacks, these Th foils were sandwiched between Kapton foils
of 25 ym thickness, which served as catchers for volatile reaction products, fission fragments,
and recoil ions. Each sandwich was followed by an Al monitor foil of 125 ym thickness. Be-
hind each Al foil was placed a relatively thick Cu degrader, accurately machined to the desired
thickness to provide data points with close to 10 MeV spacing. Behind each Cu degrader was
placed a Cu monitor foil of 50 ym nominal thickness. Initially the experiment was designed
for only eight Th sandwiches spaced 10 MeV apart but it was decided during the assembly
of the stack to add a ninth sandwich at the back of the stack. This last Th foil had a larger
downstream energy spacing of about 25 MeV. The areal thicknesses of individual foils were

accurately determined by weighing.

4.2.2 Radionuclide assays

The radionuclide assays were performed in exactly the same way as described in Section 3.2 for
the 40 and 66 MeV stacks. As before, quantitative spectrometry of 2??Ac and ??’Ra was based
on the 218.0 keV (11.44%) ~-line of the daughter radionuclide ?2'Fr. Due to the fact that the Th

foils had twice the thickness than before and the relevant cross sections were also significantly
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larger at the higher proton energies, the observed 218.0 keV full-energy peaks of ?*!Fr were
much stronger in these measured spectra. This made it possible to collect data repeatedly over
a longer period, thereby extending the decay-curve analysis to longer times post EOB. Further

details are available in Section 3.2.

4.2.3 Data analysis

The stacked-foil experiment was simulated with the Monte Carlo radiation transport code
MCNP6 [ ] in a similar way as for the 40 and 66 MeV stacks (see Subsection 3.2.3
for details). This provided the associated proton energies and energy uncertainties. Cross sec-
tions were determined from the full-energy photopeak areas as described in Section 2.7, using
the nuclear decay data of Table 3.2. The total uncertainties of the measured cross sections were
obtained by summing all contributing uncertainties in quadrature. These values are expressed
with a 1o (68%) confidence level. The systematic uncertainties include an uncertainty in beam-
current integration (4%), detector efficiency (5%), counting geometry (1%), decay corrections
(2%), and foil thickness (2%0).

The monitor reactions selected for this energy region are 27Al(p,x)??Na and "*Cu(p,x)**Co,
the results of which are shown in Figure 4.1. The relevant cross sections extracted from the Al
and Cu monitor foils are compared with the most recent IAEA-recommended reference cross
sections (Hermanne et al. | ]) downloaded from the IAEA-NDS Medical Portal. The
integrated charge was initially treated as a free parameter and adjusted until the measured
monitor cross sections of this work simultaneously showed good overall agreement with both

reference curves. The resulting charge agreed satisfactorily with the value measured directly
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Figure 4.1: IAEA reference excitation functions for the 2"Al(p,x)**Na and "*'Cu(p,x)**Co reactions (Her-
manne et al. | ) and corresponding cross sections measured in this study for monitoring the
200 MeV stack.
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with the current integrator, the difference being less than 3%, which is well within the exper-
imental uncertainties. There is notably more scatter in the data extracted from the Cu foils
than from the Al foils, which is almost negligible in the latter case.

The decay-curve analysis was performed in the same way as described in Subsection 3.2.3.
The only difference was that a new set of decay-curve shape functions was introduced, extend-
ing to longer decay times of up to 90 days. A set of decay-curve shape functions having the form
of Equation 3.1 was established for ???Ra/??’Ac cross-section ratios ranging from O to 0.2 (i.e.
the ??’Ra cross section having values that range from 0% to 20% relative to that of 22Ac). This
was done in steps of 0.005 (i.e. 0.5%), providing a set of 41 such shape functions. This set was
introduced into the software system TableCurve [ ] as a user-defined function library.
As discussed before, with TableCurve one can fit the entire set of 41 shape functions on to a
measured decay-curve data set, discovering which particular shape function reproduces the
measurements the best. In this way one can quantify both the ??°Ac and ?*Ra cross sections
and yields. More detail of the method can be found in Subsection 3.2.3.

The measured decay curve for foil Th-4 of the 200 MeV foil stack is shown in Figure 4.2.
(Note that thorium foil Th-4 is the fourth one in the stack, where the numbering starts at the
highest proton energy.) A selection of decay curves are also shown to illustrate the procedure.
As mentioned before, these curves have a fixed shape and a single free parameter which is a
normalization factor. For display purposes, a renormalization was performed so that all the
curves join at a common point at the time of EOB. Normally, the normalization factors will
be determined by the damped least-squares Levenberg-Marquardt algorithm of the TableCurve
code in such a way as to minimize a goodness-of-fit criterion, which allows one to discover the
decay curve that best fits the data. The results of such an analysis for foil Th-4 is shown in

Figure 4.3. A further refinement can be made to the analysis by doing a B-spline fit to the
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Figure 4.2: Activity of ?''Fr in foil Th-4 versus time since EOB. The decay curves were renormalized to
join at a common point at the time of EOB (i.e. t = 0) for purposes of display.
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Figure 4.3: Reduced chi-squared statistic (x2,;) plotted versus the ??®Ra/?**Ac cross-section ratio for
thorium foil Th-4 of the 200 MeV stack. Each point represents the value of the goodness-of-fit criterion
pertaining to a least-squares fit of a calculated decay curve on a set of ??'Fr daughter activities, measured
repeatedly over a period of more than 80 days (also see Figure 4.2).

data shown in Figure 4.3, from which an interpolated minimum can be found. This a standard
operation in TableCurve. An interpolated minimum of the ??Ra/??5Ac cross-section ratio was
found to be at a ratio of 0.0926 (i.e. 9.26% 22°Ra).

To conclude this section, it is pertinent to make some comments on counting times. The
measurements performed to arrive at a decay curve such as the one shown in Figure 4.2 take
a relatively long time to complete. Our adopted philosophy was to rather measure fewer data
points but to achieve excellent counting statistics for each point, i.e. an uncertainty due to
counting statistics negligible in comparison to other systematic uncertainties. This required us
to reduce the distance between source and detector and to increase counting intervals for the
later counting sessions. Towards long times after EOB, the counting intervals became quite
long but never exceeded a 24-hour real-time interval. In the case of a single radionuclide,
without any feeding from precursor decay, Equation 2.17 of Subsection 2.7.3 gives the mean
time within the counting interval where the instantaneous activity is equal to the average
activity during the interval. In the case where precursor decay is significant, Equation 2.17
is no longer valid. Since ??'Fr is ultimately fed by both 2?°Ac and 2?°Ra decay, simulations
of growth and decay were performed, from which the mean times within a counting interval
could be derived. This gave results not much different than what one would obtain from
Equation 2.17 for pure ??Ac decay. In the worst case, a difference of only 1.3 min in a 24-hour
real counting interval was obtained, which is negligible on a time scale extending to almost
3 months. The uncertainties in time of the measured data points of Figure 4.2 are therefore

considered to be negligible.
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4.3 RESULTS AND DISCUSSION

4.3.1 Excitation functions

The measured cross sections for ?2°Ac and ??°Ra formation, as attained by the decay-curve
analysis described in Subsection 4.2.3, are presented in Table 4.1. The ?25Ac cross sections

are compared with selected literature data sets in Figure 4.4. Our new data are in good agree-

Table 4.1: Measured cross sections for formation of ?**Ac and ?**Ra in proton irradiation of ***Th.

Proton energy Cross section

(MeV) (mb)
225AC 225Ra
199.99 £0.75  (1.97+0.15) x 1071 (2.21 £0.33) x 107
190.06 +0.91  (1.99 £0.15) x 1071 (2.16 £ 0.32) x 10*°
180.06 £1.07  (1.98 £0.15) x 10™1  (2.04 £0.31) x 10*°
170.04 £1.19  (1.84+£0.13) x 10™1  (1.77 £0.27) x 1010
159.89 £1.34  (1.71£0.12) x 10T (1.60 £0.24) x 101
149.87 +1.47  (1.544+0.11) x 1071 (1.43 £ 0.21) x 107
139.90 £1.64 (1.45+0.11) x 10T (1.34 £0.20) x 101
129.98 £1.68 (1.35+£0.10) x 10T (1.19 £0.18) x 101
106.11 +£2.09  (1.06 +0.08) x 10T (8.57 £ 1.29) x 10~ *
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Figure 4.4: Cross sections for the formation of ***Ac in the proton bombardment of *>Th. Note that
the TENDL-2019 and TENDL-2021 values have been renormalized using scale factors of SF = 0.40 and
SF = 0.35, respectively. The TENDL cross sections contain the minority contribution from ?**Th beta

decay. Literature values are from Titarenko et al. [
al. [ ], Weidner et al. [

1, Zhuikov et al. |
], and Griswold et al. | ].
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ment with the values of Zhuikov et al. [ ], Ermolaev et al. [ 1, and Weidner

et al. [ ], largely within the experimental uncertainties. The values of Griswold et
al. [ | seem to be consistently lower. In this energy region there is only one data point
of Titarenko et al. [ ], which in fact overlaps with our data point at the highest energy.

Note that in Figure 4.4 those two values were slightly displaced on the x-axis to show them next
to each other as otherwise the data point of Titarenko would not be visible. The IAEA evaluated
curve [ ] passes through the majority of our data points within the experimental un-
certainties. The IAEA evaluation was therefore adopted for subsequent estimates of production
yields for different target configurations in the energy region 100-200 MeV. A comparison with
recent TENDL data was also made. The values from the TENDL-2019 library clearly provide
a better shape agreement than those of the latest version of the library, TENDL-2021. This
is surprising. In both cases a renormalization was required for purposes of comparison with
the experimental data as both TENDL data sets overpredict the overall trend of ?*2Th(p,x)??°Ac
excitation function in this energy region, by somewhat more than a factor of 2.

In the case of ?*’Ra the only other data set in existence, to the best of our knowledge, is
the one by Weidner et al. [ ] (see Figure 4.5). Our values are systematically higher
than those of Weidner. The IAEA evaluated curve [ ] in this case is based solely on
the data of Weidner. When we renormalize this curve with a scale factor of SF = 1.35, the
resulting curve passes through all our data points within their experimental uncertainties. For
purposes of making yield estimates of targets, we used both the IAEA curve as is as well as

renormalized to fit our data. In such cases we present two values and discuss the results
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Figure 4.5: Cross sections for the formation of ?**Ra in the proton bombardment of ?*Th. Note that the
TENDL-2019 values have been renormalized using a scale factor of SF = 0.7. The IAEA evaluated curve
is shown both unscaled as well as renormalized using a scale factor of SF = 1.35. Literature values are
from Weidner et al. | 1.
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based on both values. A comparison with the TENDL data is also shown in Figure 4.5. Again
it is found that the data from TENDL-2019 provide a much better shape agreement with the
available experimental values than the latest data from TENDL-2021. For purposes of display,
the TENDL-2019 values were renormalized with a scale factor of SF = 0.7 but the TENDL-2021
values were not renormalized as its shape is simply too different from the data.

Taken into consideration that the data of Weidner and the data of this study are in good
agreement in the case of 22°Ac, it is somewhat surprising to find the larger disagreement in the
case of ?°Ra. A lot of time was spent scrutinizing our method and looking for possible mistakes

but none were found.

4.3.2 Integral yields

Since we adopted the evaluated cross sections from the IAEA Medical Portal (available from
https://www-nds.iaea.org), the corresponding integral yields could be downloaded directly
from the same website. In the case of ??Ra, a scale factor of 1.35 was also introduced, as
discussed above, as larger cross sections were obtained in this work than the data on which

the IAEA evaluation was based. The relevant curves are shown in Figure 4.6.
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Figure 4.6: Integral physical yields for the production of ?*Ac (LEFT) and **°Ra (RIGHT) in the proton
bombardment of 2*2Th. The data are from the IAEA-NDS Medical Portal. The scale factor introduced in
the case of >>°Ra is 1.35.

4.4 TARGETRY

It is interesting to contemplate different target designs for producing ??Ac with Th targets in
the energy region 100-200 MeV. Here we consider the same design philosophy as currently
used for 66 MeV targetry at iThemba LABS and which is also planned for the new 70 MeV

targetry. A concept for a stacked-target within a single target holder is shown schematically
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in Figure 4.7. Since a tandem-target geometry has been implemented very successfully at
66 MeV, it seems appropriate to scale up to a triple-target configuration for the energy region
100-200 MeV. In this way, the thermal load per individual target will be similar to that of the
current targets. One significant difference is that the rest of the beam (i.e. below 100 MeV) has
to be incident on further targets downstream and eventually stopped within the target holder.
In Figure 4.7 these further target elements are simply denoted as a beamstop (BS) but they
can be additional useful targets for production of radionuclides. Here we will focus only on the
energy region down to about 100 MeV. The triple Th targets are denoted T1, T2, and T3 in the
figure. They are assumed to be Inconel-encapsulated Th targets with similar thermal loads.
In order to achieve this, their thicknesses need to decrease sequentially with decreasing beam
energy (i.e. increasing beam penetration depth).

In order to make yield estimates for such a target system, a number of assumptions have
to be made. It is assumed that the same helium-cooled Havar beam-window concept will be
employed and that the Al target-holder entrance window will have the same thickness of 2 mm
as currently employed on VBTS target holders. A wall thickness of 0.5 mm is adopted for the
Inconel capsules and the cooling-water layers have a thickness of 1.8 mm, similar to the new

70 MeV targets. Under these assumptions, the Th targets will have the following thicknesses:
* T1: 10.6 mm,
e T2: 9.3 mm,
e T3: 7.8 mm,

where the choice is deliberate to constrain the specification to a tolerance not smaller than
0.1 mm. The corresponding energy windows are 195.61 — 166.03 MeV, 162.16 — 132.60 MeV,

H,O
He 2‘
200 MeV p
|:> T1 T2 T3
He H,0

Figure 4.7: Schematic diagram illustrating the principle of a triple-stacked Th target with similar thermal
load per target, achieved by reducing the target thickness with decreasing proton energy. The Inconel-
encapsulated Th targets are denoted T1, T2, and T3, with BS the elements of a water-cooled beamstop.
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and 128.08 — 98.51 MeV. The next step is to find the physical yields of 2?7:2?°Ac' and ??°Ac*
for these energy windows and subsequently to derive production yields from these values for
different bombardment scenarios.

In order to derive yields for 2?°Ac*, it is necessary to know the growth-and-decay character-
istics of 22°Ac formed via ???Ra decay. It is assumed that, shortly after EOB, the radiochemical
separation of ?2Ra from the activated Th can be done quite rapidly (i.e. the separation time
negligible in comparison with the ??°Ra half-life). After an optimum waiting time the clean
225Ac product, formed via ??°Ra decay, is separated from the remaining 2?°Ra in a second
radiochemical procedure. It is also assumed that radiochemical losses are negligible. The
growth-and-decay curve for this scenario is shown in Figure 4.8. The maximum 2?°Ac yield is
obtained after a waiting time of 17.5 days, at which time the ?2°Ac activity is 44.47% of the
225Ra activity at time t = O.
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Figure 4.8: Decay curve of **Ra and growth-and-decay curve of **Ac formed via ?*’Ra decay. Time t = 0
is the effective time of the end of the chemical separation of **’Ra from the ?*Th target. All activities on
the y-axis is relative to the activity of ?*Ra at time t = 0.

Table 4.2: Production yields of 22"22°Ac' and ?*°Ac* for the triple-target system of Figure 4.7.

Target Proton energy Window  227:225Ac! 225 pc* 225 Ac*
(MeV) (MBq/pAh)  (MBq/pAh)  (MBq/pAh)
IAEA This work
T1 195.61 — 166.03 10.76 0.546 0.737
T2 162.16 — 132.60 7.84 0.375 0.507
T3 128.08 — 98.51 4.31 0.211 0.284
Total 22.91 1.132 1.528
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The 227:225Ac' and ??°Ac* physical yields for the three Th targets are presented in Table 4.2.
Note that for 22°Ac* two values are presented, namely based on the evaluated yields of the IAEA
and scaled by a factor of 1.35 in this work. Total production yields for bombardments ranging
from one day to 10 days are presented in Table 4.3, assuming a constant beam current of
250 uA. For 227:225Ac the yield at EOB is given and for 2?°Ac* the yield at EOB + 17.5 days,

when the maximum in-growth activity has been reached.

Table 4.3: Production yields of 2272?°Ac' and 2?°Ac* for the triple-target system of Figure 4.7, assuming a
beam current of 250 pA.

Bombardment time 227,225 p ! 225 pc* 225 pc*
(days) Y(EOB) Y(EOB + 17.5 days) Y(EOB + 17.5 days)

(GBq ; [Cil) (GBq ; [mCi]) (GBq ; [mCi])

IAEA This work
1 132.8 ; [3.59] 3.0; [79.8] 3.98; [107.7]
2 256.8 ; [6.94] 5.8 ; [155.9] 7.79 ; [210.5]
3 372.4 ;[10.1] 8.5 ; [228.6] 11.42 ; [308.6]
4 480.3 ; [13.0] 11.0; [297.9] 14.88 ; [402.2]
5 580.9 ; [15.7] 13.5; [364.2] 18.19 ; [491.6]
6 674.7 ; [18.2] 15.8 ; [427.4] 21.35; [677.0]
7 762.3 ; [20.6] 18.1 ; [487.7] 24.36 ; [658.4]
8 844.0 ; [22.8] 20.2 ; [545.3] 27.24 ; [736.2]
9 920.2 ; [24.9] 22.2 ; [600.3] 29.98 ; [810.4]
10 991.3 ; [26.8] 24.2 ; [652.8] 32.61 ; [881.2]

From Table 4.3 it is evident that the large-scale production of multi-Ci quantities of 227:225Ac’
is feasible. It is also evident that even after a 10-day uninterrupted bombardment at a beam
current of 250 1A, a 1 Ci quantity of 22°Ac* could still not be achieved. One can conclude that
multi-Ci productions of ?2Ac* seem very much out of the question in the proton energy region
100-200 MeV on Th targets. If these massive Th targets can indeed be chemically processed
with low radiochemical losses, production of several 100s of mCi only may be feasible.

To conclude this section, some comments on expected thermal behaviour of encapsulated
Th targets can be made. It is perhaps relevant to mention that several thick Th targets had
been bombarded with relatively high-intensity beams at iThemba LABS, a number of years ago.
Ten Al-encapsulated Th targets were prepared for a nuclear physics experiment that measured
cluster radioactive decay of the produced radionuclide 223A¢ | ]. Six of them were
bombarded in the Elephant, for a duration of 2 hours each, with a 66 MeV proton beam of
80 pA. These Th disks were 4 mm thick and had diameters of only 15 mm, thus, they were
quite small. Taken into consideration that most of the heat removal was done from the flat
surfaces, the average surface power density was about 0.56 W/cm? to dissipate nominally
2 kW of heat. These targets behaved very well under those bombardment conditions. The
targets proposed above for the energy region 100-200 MeV will have much larger surfaces to
remove the heat from. Assuming Th disks with a diameter of 50 mm under bombardment with
a beam current of 250 pA, i.e. subjected to a thermal load of about 7.5 kW, the average surface

power density will be about 0.38 kW/cm?, which is significantly lower than the corresponding
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value for the smaller-format Th targets bombarded in the Elephant. Indeed, there seems to be
enough headroom to increase the beam current above 250 pA. Full thermal modelling of such
targets are being performed at iThemba LABS with both discrete ordinates and computational
fluid dynamics (CFD) codes but this falls outside the scope of this thesis project. Here one can
also mention that Inconel-encapsulated Th targets are routinely bombarded at the Los Alamos
National Laboratory (LANL) but technical details on those targetry are scant in the literature.
From a technical point of view, we can see no compelling reasons why a triple-target system, as
described above, will not serve its intended purpose. Finally, while explicit uncertainties were
not included in Table 4.3, it is expected that for 2?7?25Ac' this will be of the order of 10% and
for 225Ac* unlikely to significantly exceed a level of 30%. Such uncertainties do not impact the

comments and conclusions, or any inferences made.

4.5 CONCLUSIONS

Cross sections measured by means of the stacked-foil technique on Th foils, in the proton
energy region 100-200 MeV, provided new data points for ??2°Ac and ??Ra. Good agreement
was found with previous investigations in the case of 22’ Ac but not so for ?*°Ra, in which case
the excitation function was found to be higher by about 35% than the sole data set used by the
IAEA for evaluation purposes.

Multi-Curie productions of 22722°Ac' appear to be feasible with high-intensity 200 MeV pro-
ton beams and encapsulated Th targets, utilizing the energy region of nominally 100-200 MeV.
Since thorium has a similar abundance as lead on Earth, target material is certainly available,
even though it is a controlled substance and procurement in bulk may not be straightforward.
In contrast, the production of even 1 Ci of 22°Ac* in this production regimen will be a very tough
assignment. In this chapter we looked at these productions purely from a nuclear data point of
view, assuming similar targetry concepts than already in use at iThemba LABS for many years.
Production-yield estimates were based on a beam current of 250 pA, which we think is realistic

for the kind of targetry considered. Indeed, beam currents above 250 pA may be feasible.
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Chapter 5

Radionuclides and neutron production from

tandem targetry with 70 MeV protons

5.1 INTRODUCTION

In this chapter, some aspects relating to the radionuclide and neutron production from tandem
targets will be discussed. Since the radionuclides of interest produced by a primary 70 MeV
proton beam in Th targets have already been discussed in detail in Chapter 3, here the focus
will be primarily on the remaining configurations, i.e. Rb/Ga, Mg/Ga, Zr/Y,03, and Be/Ga. A
comparison is presented of the predicted 2Sr/%®Ge yields from the current VBTS Rb/Ga tan-
dem targets (utilizing a 66 MeV proton beam) and the corresponding targets planned for the new
70 MeV cyclotron facility. A similar comparison is presented for the ?’Na yields from Mg/Ga
tandem targets. The remaining two configurations, Zr/Y>.O3 and Be/Ga, do not currently have
any relevance with 66 MeV proton beams from the SSC. It is possible that the production of
88Y may become important in future, in which case Zr/Y,O3; will become relevant. Note that
large-scale productions of 88Y have not hitherto been performed at iThemba LABS although
some experimental work have been done to investigate various production possibilities for the
new 70 MeV cyclotron facility. In contrast, the Be/Ga target is included in this study solely for
its neutron production capability. It should be seen as a “toy target system” only as no such
targetry is foreseen at iThemba LABS. Its purpose is to inform and provide insight into the
target-nucleus mass dependence of secondary neutron emission. Here one may be reminded
that light targets such as Li and Be are often employed in neutron generation (see e.g. Bayanov

etal [ ] and references therein).

The current 66 MeV Rb/Ga target design for the VBTS is important from the perspective of
this thesis project as secondary-neutron activations were performed behind these targets, the
results of which will be presented in Chapter 6. The extension of this study to a selection of
70 MeV tandem targets will be presented in Chapter 7. Whereas Chapters 6 and 7 will focus
on extensive Monte Carlo simulations of the VBTS and the new 70 MeV target stations, respec-
tively, in this chapter the focus will be on the tandem targets in isolation, serving as source
terms for neutron production in a separate series of simplified Monte Carlo simulations. This is
done to get an idea of the in-beam neutron production only and to facilitate an intercomparison

of the various tandem-target configurations in terms of their neutron production capabilities.

65



In other words, neutron production in out-of-beam materials via neutron-induced reactions
by those neutrons emitted from in-beam materials, during bombardment, is eliminated by
removing those materials from the respective Monte Carlo simulations.

A comparison is also made between the neutron production with 66 MeV protons versus
70 MeV protons, for a Rb/Ga tandem target. Finally, a comparison is presented for a Rb/Ga
target in isolation versus one residing in a 70 MeV target station, allowing one to get an idea
of the level of neutron production by other neutrons and the region of the energy spectrum to

which such neutron-induced reactions predominantly contribute.

5.2 RADIONUCLIDE PRODUCTION - ADDITIONAL ASPECTS

5.2.1 Rb/Ga tandem targets for ’Sr/%Ga production

Table 5.1 presents a complete list of in-beam materials and their thicknesses in the current
VBTS-type Rb/Ga targets as well as the corresponding values for the new 70 MeV targetry.
These will serve as a template for the discussions on other tandem targets as well, since the

concept is basically the same for all, except for some changes in certain of the material layers.

Table 5.1: Material layers of the Rb/Ga tandem-target systems, located on the beam axis, for the VBTS
(66 MeV protons) and the new 70 MeV target stations.

Layer no. Material Thickness Comments
VBTS 70 MeV station
1 Havar 50 pm 50 ym 50 mm diameter
2 Helium gas 15 mm 15 mm High flow-rate coolant between
Havar foils: 25 °C, 1.25 bar
3 Havar 50 pym 50 ym 50 mm diameter
4 Air 2 mm 6.9 mm Target located in atmosphere
5 Aluminium 2 mm 2 mm Target-holder entrance window
6 H,O 1.2 mm 1.8 mm Cooling-water layer no. 1
7 Stainless steel 0.5 mm 0.5 mm S316 capsule wall
8 Rubidium metal 17 mm 19.4 mm For production of 32Sr
9 Stainless steel 0.5 mm 0.5 mm S316 capsule wall
10 H,O 1.2 mm 1.8 mm Cooling-water layer no. 2
11 Niobium metal 0.5 mm 0.5 mm Nb capsule wall
12 Gallium metal 3.75 mm 5.5 mm For production of ®®*Ge
13 Niobium metal 0.5 mm 0.5 mm Nb capsule wall
14 H,O 1.2 mm 1.8 mm Cooling-water layer no. 3
15 Aluminium 23.65 mm 25.7 mm Back end of target holder

The #2Sr and ®®*Ge physical yields for the 70 MeV target system have already been presented
in Table 3.5, using rounded nominal energy windows of 38 — 62 MeV for the high-energy slot
and 0 — 26 MeV for the low-energy slot. The 66 MeV target system is conceptually the same as

the 70 MeV target system except the Rb and Ga layers are thinner, corresponding to rounded
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Table 5.2: Yields of *’Na, 82Sr, and ®®Ge from Mg/Ga and Rb/Ga tandem targets relevant to the VBTS
(66 MeV proton beams) and the new 70 MeV cyclotron facility.

Physical yield Production yield®
Nuclide  Target VBTS 70 MeV stations VBTS 70 MeV stations
material (MBq/pAh) (MBq/ p1Ah) (MBq [mCi]) (MBq [mCi])
%2Na natMg 0.691 0.826 4142.2 [112.0] 4954.4 [133.9]
82Sr "t Rb 8.51 10.69 52725.6 [1425.0] 63270.7 [1710.1]
58Ge natGa 0.950 1.14 5692.8 [153.9] 6831.3 [184.6]

“For a 24-hour bombardment with a beam current of 250 pA.

nominal energy windows of 36 — 57 MeV and 0 — 24 MeV, respectively. Note that the beam is
always stopped inside the Ga layer. For purposes of comparison, the relevant physical yields
as well as production yields for a 24-hour bombardment at a beam current of 250 uA are
summarized in Table 5.2.

With the new 70 MeV targetry, the %2Sr yield is expected to be about 25% higher than with
current VBTS targetry and the %Ge yield will be about 20% higher, provided the beam intensity
remains the same. It is hoped, however, that the new targetry will cope with a significant
increase in beam intensity and that routine production yields will be further increased.

The radionuclides 82Sr and %®Ge are the two main export products currently produced by
iThemba LABS. A large percentage of the available radionuclide production beamtime from the
SSC is therefore allocated to Rb/Ga target bombardments, generating much needed income
for the laboratory. The relatively long-lived 32Sr (T} s2 = 25.35 d) is the precursor of short-
lived #2Rb (T, = 1.2575 min) in *2Sr/*?Rb generator systems. Rubidium-82 is an important
marker for myocardial perfusion studies with PET (see e.g. the IAEA report by Filosofov et
al. | ] which, even though somewhat old, is still an excellent read on medical generators
important for PET). The long-lived %*Ge (I3,» = 270.93 d) is the precursor of the relatively
short-lived ®Ga (I, = 67.71 min) in %®Ge/%Ga generator systems. Gallium-68 is likewise
an important PET radionuclide, especially in %8Ga-labelled tumour-specific peptides now in
routine use for imaging of certain types of cancer. Its cyclotron-independent availability via
the %8Ge/%Ga generator is also an advantage for PET centers that do not own their own PET
cyclotron. There is currently enormous interest in %Ga-DOTATOC and similar 58Ga-labelled
radiopharmaceuticals for PET imaging of the so-called neuroendocrine tumours [ ] as

well as ®Ga-labelled PSMA-617 or similar molecules for imaging prostate cancer [ I.

5.2.2 Mg/Ga tandem targets for >Na/%®Ga production

The Mg/Ga tandem targets are currently the 2"¢-most irradiated targets with 66 MeV protons
at iThemba LABS. The encapsulated Ga target in the low-energy slot serves the same purpose
as in the Rb/Ga configuration described in Subsection 5.2.1, namely ®Ge production, therefore
only target layers 7, 8 and 9 are different from the scheme of Table 5.1. These layers become
Nb-Mg-Nb in the Mg/Ga configuration. The Nb capsules also have a nominal wall thickness of
0.5 mm. The Mg target thicknesses for 66 and 70 MeV proton beams are 11.5 and 13.2 mm,
respectively. The expected ??Na yields are summarized in Table 5.2. With a 70 MeV beam, an
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increase of about 19.5% in yield can be expected compared to a 66 MeV beam, for the selected
energy windows. In both cases, a 24-hour bombardment at a beam current of 250 A will
provide more than 100 mCi of ?2Na activity at EOB.

The long ?2Na half-life of more than 2.6 years has another advantage, namely that this
radionuclide has a substantially long shelf-life. Any spare beamtime can therefore be profitably
utilized for its production, with the likelihood of future sales quite certain.

According to Krause-Rehberg et al. | ], most positron-beam systems require strong
radionuclide sources. The preferred positron emitter is 2?Na because of its long half-life and

relatively modest price.

5.2.3 Zr/Y,0; tandem targets for **Y production

A proof of concept study was performed at iThemba LABS on using Zr/Y,O3 tandem targets for
the large-scale production of 88Y as well as 3Zr/3%Y generators | ]. In fracking opera-
tions, proppants are often spiked with a gamma-emitting radionuclide to verify flow pathways
of deep underground cracks with a downhole detector. The use of *¥Y for this application has
been suggested by Dale et al. | ]. For fracking and most other potential geophysical
applications, a high radionuclidic or chemical purity is not a requirement, i.e. the presence
of stable yttrium will not affect the radioactivity tracing procedure. This is why an yttrium-
containing target can be used in the low-energy slot. For radiolabelling studies, very pure %Y
can be provided by a %Zr/®¥Y generator. In various studies, %Y has been employed as a sub-
stitute for the therapeutic radionuclide *°Y to test radiochemical labelling procedures (see e.g.
Griffiths et al. | ]). This was done to overcome a particular difficulty with °°Y, namely
that it does not have suitable emissions for its detection and tracing.

A Zr target with 6 mm thickness was proposed for the high-energy slot | ]. Since Zr
does not have to be protected from contact with the cooling water, no encapsulation is required
in this case. For this target system layers 7 and 9 are therefore eliminated in the scheme of
Table 5.1. For the purposes of the Monte Carlo modelling, a 5 mm thick Y>O3; was adopted,
encapsulated with Nb with 0.5 mm wall thickness. Consequently, layers 11 and 13 remained

as in Table 5.1 but layer 12 was replaced with an Y,O3 disk.

5.2.4 Be/Ga tandem targets for fast neutron production

It is well-known for many decades that the proton bombardment of Be targets is useful for
producing neutron spectra that are generally harder than obtainable from most other target
materials. Beryllium targets have typically been employed, for example, in high-energy neutron
therapy facilities. At iThemba LABS, a neutron therapy facility was operational from 1987
until 2018. This facility produced neutrons by means of the so-called p(66 MeV)/Be(40 MeV)
reaction | ]. This is a short-hand notation for a 66 MeV proton beam incident on a Be
target with an energy window of 40 MeV, i.e. an exit energy of 26 MeV. This is achieved with a
Be thickness of 19.6 mm. The abundance of 66 MeV proton beams from the SSC was primarily
to service the neutron therapy programme (now defunct). This beam energy was also adopted
for routine radionuclide productions to reduce the number of energy changes per week, saving

SSC beam time as an energy change typically takes an 8-hour shift to complete.
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As already mentioned, the inclusion of a Be/Ga target in this study was more out of curiosity
than anything else. For the Monte Carlo modelling, the Rb target in the scheme of Table 5.1

was replaced with a Be target. Layer no. 8 was modelled as a 13.2 mm thick Be metal disk.

5.2.5 Tandem targets containing Th

When a Th target is located in the high-energy slot, layers 7, 8 and 9 of Table 5.1 are replaced
with an Inconel-Th-Inconel configuration. When a Th target is located in the low-energy slot,
layers 11, 12 and 13 are replaced with the same Inconel-Th-Inconel configuration. The capsule-

wall thicknesses remained 0.5 mm and a Th thickness of 3.5 mm was adopted in both cases.

5.3 NEUTRON PRODUCTION

5.3.1 Spectra and flux ratios

The decision to perform Monte Carlo simulations of the tandem targets only, with most of the
target-station material budget removed, was made only late into this study. It only occurred
to us that such information would be useful after most of the target-station simulations had
been completed. Therefore, the presentation of the Monte Carlo results is not in a chronological
order but rather in a logical order. The starting point was an MCNP6 input file of a complete
70 MeV target station, which will only be discussed in Chapter 7. That model was then reduced
by deleting most of the materials, retaining part of the beamline and the target system only.
A schematic diagram of the model, as provided by the MCNP6 geometry plotting function, is
presented in Figure 5.1. The cavity in the pusher assembly was retained for the sake of defining
its flux tally, however, it was not constrained by any materials. A tally of neutrons moving away
from the target was also defined on a sphere located 1 m away from the centre of the target. All

particle tracking was stopped beyond this sphere. The beamline section and in-beam target-

Al target holder

hexton; aerivationicavity Water-cooled Rb/Ga tandem target

Cookie-cutter cell

Air gap
Helium-cooled Havar window

Vacuum environment

Figure 5.1: Simplified model of a 70 MeV Rb/Ga tandem target, as generated with the MCNP visual
editor.
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material layers are all located in vacuum. The entire irradiation vault was also removed but

the Al target holder was retained.

Since not all the required cross-section data are available up to 70 MeV as tabulated values
(referred to in MCNP parlance as “Table Physics”), it is necessary to specify a nuclear model
to provide calculated cross sections where tabled values are lacking (referred to as “Model
Physics” in the MCNP manuals). There are several models implemented in MCNP6, which will
be described in more detail in the next chapter. One of the more recent and up-to-date models
is the Cascade-Exciton Model (CEM), which is also the default model of the most recent versions
of the code. As will be seen later, this is one of the better models from a predictive power point

of view. The CEM model was therefore selected for the purposes of this intercomparison.

The proton beam was modelled as a superposition of Gaussian beams with an offset relative
to the beam axis. In this way one can model a beam that is circularly swept (wobbled) on
target. Figure 5.1 also shows the outlines of the so-called “cookie-cutter cell”. This is a way to
confine the beam protons to a region where one would normally expect them to be focused, by
discarding protons when they are generated too far away from the beam axis. More details on

source terms will be given in the next chapter.

For the purposes of the neutron-production intercomparison, it was convenient to specify
fewer neutron energy groups (bins) with broader discrete energy ranges. This had an added
advantage of achieving good statistics in all bins within reasonable running times (not exceed-
ing 4 days per run on a modern Core-i9 top-end PC). An 18-bin energy-group structure was
adopted. The lowest-energy bin tallied all neutrons with energies below 1 keV. The second bin
covered the energy region between 1 and 10 keV, the third bin between 10 and 100 keV, and
the fourth bin between 0.1 and 1 MeV. These first four bins are best presented on a logarithmic
scale. Bin number five tallied neutrons in the energy region between 1 and 5 MeV. All subse-
quent bins have a constant width of 5 MeV, with bin no. 18 covering the energy region between
65 and 70 MeV. A so-called F4 flux tally was specified for the forward neutron activation cavity,
which provided the average flux within the confines of the cavity. An F1 tally provided the total
neutron count in all space (i.e. 47 steradian) around the target-holder centre.

Figure 5.2 shows the average neutron flux in the forward cavity on a linear energy scale,
normalized for an accumulated proton charge of 1 pAh, for the Rb/Ga tandem target under
bombardment with a 70 MeV proton beam. The total number of neutrons emitted in all space
(4n steradian geometry around the target) with an integrated proton charge of 1 uAh, is shown

in Figure 5.3.

It is not automatically evident what insights Figures 5.2 and 5.3 convey, however, some
important observations can be made. The neutron flux in the forward cavity, as well as the
total number of neutrons produced, increases with decreasing energy and peaks in the bin

with energy range 1-5 MeV. Below 1 MeV one sees a significant drop-off.

Similar spectra were obtained for the other tandem targets, for particle histories of 2 x 108
incident protons in each case. Figures of these spectra look similar to Figures 5.2 and 5.3 and
do not provide a convenient way for an intercomparison. It was necessary to compare each
case to a “standard” of some kind. Since the Rb/Ga tandem-target configuration plays such a

major role at iThemba LABS, it was decided to choose that as our standard case. Neutron flux
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Figure 5.2: Neutron flux (i.e. neutrons/ cm? produced with an integrated proton charge of 1 Ah) versus
neutron energy in the forward cavity behind a Rb/Ga tandem target during irradiation with a 70 MeV
proton beam.
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Figure 5.3: Total number of neutrons produced in all space (i.e. a 47 sr geometry around the target) with
an integrated proton charge of 1 uAh, during irradiation of a Rb/Ga tandem target with a 70 MeV proton
beam.

ratios were calculated for all the tandem targets relative to the Rb/Ga case. This is shown for
the forward-cavity fluxes in Figure 5.4, for a selection of tandem-target configurations.

It is evident from Figure 5.4 that the Be/Ga target produces significantly higher neutron
fluxes in the higher-energy bins, as compared to the Rb/Ga case. This excess is highest in
the 55-60 MeV bin, by almost a factor of 6. Below 5 MeV, however, the Be/Ga target delivers
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Figure 5.4: Comparison of neutron flux ratios for various tandem targets relative to the Rb/Ga target, as
indicated, in the forward cavity downstream of the target (see text). Above 1 MeV the scale on the x-axis
is linear (black text) but below 1 MeV it is logarithmic (red text). The red dashed lines represent the case
for the Rb/Ga target itself, while the black histograms represent the indicated targets.

lower fluxes. The much harder neutron spectrum explains why Be targets were utilized for
neutron therapy. In contrast, the Mg/Ga target shows a deficit in all energy bins. This is
also the case for the Mg/Th target. In fact, the flux ratios from the Mg/Ga and Mg/Th targets
are very similar except in the lowest energy bins. This is perhaps not surprising as the target
in the high-energy slot (Mg in this case) should dominate at higher energies, while the target
in the low-energy slot can only contribute to the lower-energy bins. The Rb/Th target shows
marginal gains in the lower-energy bins only, otherwise looking very similar to the Rb/Ga case.
Both the Th/Ga and Th/Th configurations show an increase in the lower-energy bins only,
a notable decrease between 10 and 55 MeV, and a ratio of 1 above 55 MeV. These results
indicate that for neutron-induced threshold reactions, the inclusion of Th in the target will not
lead to an increased radionuclide production yield, as compared to what one can expect from
the “standard” Rb/Ga target. When Mg replaces the Rb target in the high-energy slot, one
should always expect a drop in production rate of any neutron-induced reaction.

A figure similar to Figure 5.4 was also made for the total neutrons emitted in 4= space. As
the trends are very similar, it was decided not to show that figure in the body of the thesis but to
include it in an appendix instead, as it does not contribute significantly to the discussion (see
Appendix A). In spite of some differences, a comparison of Figures 5.4 and A.1 indeed shows
a significant level of agreement. Figure 5.5 shows the corresponding results for the Zr/Y,03

tandem-target system, both for the all-space (4x) case and the forward cavity. The similarity in
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Figure 5.5: Comparison of neutron flux ratios for the Zr/Y,O3 tandem target relative to the Rb/Ga target,
as indicated. Above 1 MeV the scale on the x-axis is linear (black text) but below 1 MeV it is logarithmic
(red text). The red dashed lines represent the case for the Rb/Ga target itself, while the black histograms
represent the indicated target.

trend is indeed evident. An interesting excess is evident above 50 MeV, reaching a maximum in
the 60-65 MeV bin by more than a factor of 3. There is also some excess below 1 MeV. The total
neutron productions, i.e. the sums of contributions from all bins, are compared for the various
target configurations in Table 5.3. One can see that the Th/Th target indeed produces more
neutrons than the other target configurations, however, we know that the overall spectrum is
quite soft. This can be understood by realising that fission neutrons predominantly contribute
to the lower-energy part of the spectrum.

Two more cases were investigated for the neutrons produced by protons on a Rb/Ga tandem
target. Flux ratios in the forward cavity are shown in the top panel of Figure 5.6 for neutrons
induced by a 66 MeV proton beam versus a 70 MeV proton beam. Between about 1 and 40 MeV
the ratio is approximately constant at an average value near 0.85. Outside this energy region
the flux ratio drops. The drop towards higher energies is expected but the drop below 1 MeV is
not so easy to understand. The bottom panel of Figure 5.6 shows the neutron flux ratio from a
Rb/Ga target bombarded in a 70 MeV target station versus an isolated target bombarded with
a 70 MeV proton beam. This ratio is expected to be around unity at higher energies and this
is indeed observed. Below about 5 MeV there is a rapid increase towards lower energies. This
is the contribution from neutron-induced reactions with materials mainly outside of the beam
axis, such as the inner iron shield, inducing additional neutrons of which a fraction is expected

to scatter back into the cavity inside the pusher arm.
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Neutron flux ratio relative to Rb/Ga case
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Figure 5.6: TOP: Comparison of neutron flux ratios for the 66 MeV Rb/Ga tandem target relative to the
70 MeV Rb/Ga target. BOTTOM: Comparison of neutron flux ratios for the 70 MeV Rb/Ga tandem target
inside a new target station relative to the 70 MeV Rb/Ga target inside vacuum. Above 1 MeV the scale on
the x-axis is linear (black text) but below 1 MeV it is logarithmic (red text). The red dashed lines represent
the case for the 70 MeV Rb/Ga target in vacuum, while the black histograms represent the compared
situation as indicated.

5.3.2 Total neutron production

Table 5.3 presents the total neutron production from the set of tandem targets during bom-
bardment with a 70 MeV proton beam, normalized to an accumulated charge of 1 uAh. The
table also contains the average neutron forward flux in the cavity of the pusher-arm for each

target configuration. Our initial expectation was that the inclusion of fissionable material in a

Table 5.3: Total neutron production from tandem targets during bombardment with a 70 MeV proton

beam as well as the average forward neutron flux in the cavity behind the target.

Tandem target 4m neutron yield

Forward neutron flux

(neutrons/uAh)  (neutrons cm~—2 yAh~1)
Be/Ga 1.59 x 10'° 5.63 x 10'?
Mg/Ga 0.95 x 101° 2.59 x 10'?
Mg/Th 1.16 x 10 2.97 x 10'2
Rb/Ga 1.83 x 10'® 4.64 x 102
Rb/Th 2.08 x 10'° 5.15 x 10'2
Th/Ga 3.31 x 10 5.42 x 10'?
Th/Th 3.63 x 10'° 5.84 x 102
Zr/Y,053 2.48 x 10'° 4.63 x 10'2
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tandem configuration would very significantly increase the neutron production. Even though
the Th/Th target does produce the highest neutron flux and the largest total number of neu-
trons in this target set, this increase is rather modest. The differences in neutron production

between the various target configurations are relatively small.

5.4 CONCLUSIONS

The neutron production from the different tandem targets do not differ by a large amount.
The forward neutron flux values of between 102 and 10'** n/cm~2Ah~! may look large but
this may be misleading. The precise significance of this level of neutron production cannot be
judged from this information alone, especially from a radionuclide production point of view.
Whether or not this is a useful resource should be judged by activation experiments. Three

such experiments were performed, which will be discussed in the next chapter.
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Chapter 6

Activation of samples in the secondary
neutron flux behind a VBTS target

6.1 BACKGROUND AND OBJECTIVES

6.1.1 Expanding an existing investigation

An investigation into the feasibility to utilize the secondary neutron flux behind a radionuclide
production target for producing additional radionuclides, exploiting neutron-induced reactions,
already commenced during the MSc project of the author. That project was completed and
the degree awarded, however, to date those results are still unpublished, mainly due to the
following two reasons: Firstly, it was realized that the experimental data set produced by
that project needed to be expanded. Secondly, predictions based on Monte Carlo simulations
performed at that time, for a range of different physics selections, revealed an overall tendency
to overpredict the corresponding experimental yields. This was not understood at that time.
Additional work has since been done and a clearer picture emerged, shedding light on the
reason for these unexpected overpredictions. In this chapter the full set of experimental results
will be discussed in conjunction with new Monte Carlo simulations, utilizing newer versions of
the relevant codes and related nuclear data libraries.

In addition to the experimental run of the MSc project (forthwith referred to as Run-1), two
additional experimental runs were performed to expand the measured data set (referred to as
Run-2 and Run-3). An in-depth explanation will be presented on the overpredictions obtained
in the MSc study, which were mostly resolved in the subsequent Monte Carlo simulations. (At
least a substantial overall improvement was achieved.) While all activations were performed
behind a VBTS target under routine bombardment with a 66 MeV proton beam, the main focus
was really on provisions for the new 70 MeV cyclotron facility. The supposition is that routine
VBTS operations at 66 MeV are close enough to 70 MeV to shed light on many aspects and/or

requirements for the new facility.

6.1.2 Previous studies from the literature

The idea to utilize the secondary neutron flux behind a radionuclide production target is not

new. Recent studies at the Isotope Production Facility (IPF) of Los Alamos National Laboratory

76



(LANL), utilizing a proton beam energy of 100 MeV, have shown that such “commensalistic”
productions have definite potential (see e.g. Engle et al. [ , , ]
and Mosby et al. [ ). Important earlier work with relevance to the present investi-
gation was also performed at the Medium Energy Intense Neutron (MEIN) Beam Facility of
Brookhaven National Laboratory (BNL), where secondary neutrons were produced by bombard-
ing a water-cooled Cu-beamstop with a 200 MeV proton beam (see e.g. Katcoff et al. | ]
and Mirzadeh et al. | ). The proton beam was delivered by the same linear accelerator
that provides beam to the Brookhaven Linear Isotope Producer (BLIP). Important aspects of the
studies at LANL and BNL will be highlighted where relevant in this chapter.

Katcoff et al. | ] reported a considerable increase in the ratio of neutron-rich to
neutron-deficient radionuclides with reactions induced by the secondary neutrons in compari-
son to the primary protons, but the resulting activity levels were low. These authors presented
effective cross sections for various (n,xn), (n,pxn) and (n,axn) reactions on a selection of tar-
gets covering a reasonably large mass region (>*Mg to *2Ce); the neutron flux was reported
to be “in excess of 1 x 10! neutrons cm~2s~! in the energy region 25 to 200 MeV”. One
would not expect an overall different scenario with regards to low effective cross sections as
the incident proton-beam energy is decreased. It is therefore not surprising that the LANL
results [ , , ] at 100 MeV show a similar trend to those of Katcoff
etal | |. The broad energy spectra of secondary neutrons emitted by thick targets lack
the selectivity of the “ideal energy windows” that can often be exploited in reactions by charged

particles. Spectrum-averaged cross sections also usually have relatively low values.

The more important reactions are those where charged particles are emitted, leading to
different atomic species than the target material. This is important if the product radionuclides
have to be chemically separated from the target matrix, which is the case in the majority of
applications of practical interest. Unfortunately, there is a general trend for the (n,pxn) and
(n,axn) reactions to have even lower cross sections than the (n,xn) reactions, except at very low
masses | ]. This disadvantage of low effective cross sections can only be overcome by
utilizing a sufficiently high neutron flux.

2 o1

Engle et al. [ ] reported a total neutron flux of about 1 x 10!2 neutrons cm~2s
directly behind a routine production target at the IPF while under bombardment with a 100 MeV
proton beam of 250 pA, with approximately 50% of the neutrons having energies above 1 MeV.
The point was made that this neutron flux is beyond that of typical medical cyclotrons and
distinctly different from that of reactors (i.e. considerably harder). Because of the significant
increase in obtainable beam intensities evident in modern accelerators, there is a renewed in-
terest in exploiting the secondary neutrons, particularly as aging research reactors are being
closed down and usually not replaced. It has been reported that, in contradiction to their
importance, experimental cross-section data for neutron-induced reactions are sparse above
14 MeV, i.e. the energy obtainable with 3He(d,n)*He neutron generators [ ]. Certainly,
one would prefer to have complete excitation functions for neutron-induced reactions to work
with instead of only effective cross sections, the latter of which have limited value when pre-
dictions are required for a different energy region. As a result of this lack of experimental data,

neutron spectra obtained from nuclear model calculations often have to suffice when making
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yield predictions, leading to large uncertainties and errors up to an order of magnitude in ex-
ceptional cases [ ]. Experimental data are challenging to obtain as monoenergetic
neutron sources do not exist except at quite low energies (typically 14 MeV and below). The
so-called quasi-monoenergetic neutron (@QMN) facilities are few in the world, with limited beam
time due to sharing with other programmes. This situation is not expected to dramatically
change anytime soon.

Despite their limitations, effective cross sections are useful as they do provide some con-
straints for model calculations. Until such time when better “monoenergetic” experimental
cross-section data become available, effective cross sections for neutron-induced reactions will

remain important.

6.1.3 Objectives

From the outset, it was clear that we would be confronted with relatively low effective produc-
tion cross sections in the neutron flux behind a VBTS target. On the other hand, there are
extensive routine productions throughout the year, mostly for the production of the relatively
long-lived radionuclides ??>Na, 8Ge and 82Sr. The radionuclide production programme receives
about 50% of the total beam time available on the SSC (in recent times even a little bit more
than 50%). The total accumulated charge on target is approaching one million yAh per year,
which translates into a large number of neutrons that are currently not utilized. With the new
70 MeV cyclotron facility becoming a reality, these numbers will be even significantly higher.
It therefore seems prudent to investigate the possible use of these neutrons to produce useful
radionuclides. Since the bombardments in the VBTS are typically quite long, with the nom-
inal accumulated charge in a single run typically not less than 20000 pAh, the focus with
neutron-induced reactions should similarly be on relatively long-lived radionuclides. The idea
is to perform neutron-induced reaction experiments in a commensalistic way with routine ra-
dionuclide production runs, e.g. in such a manner that the usual weekly beam schedule is not
disturbed or affected in any way.

The advent of commercial 70 MeV cyclotrons with high-intensity, dual-beam capability is
relatively recent. We are not aware of any dedicated studies to date that focused on utilizing
the secondary neutrons on these machines. A number of experiments have therefore been
planned, covering a wide mass region (7-209 AMU). The various tasks and objectives of this

study are as follows:

* To design and build a small activation chamber that can be located in close proximity
behind a standard VBTS target holder. To devise a method for placing this chamber into
position and to retrieve it after an activation run without disrupting the routine production
programme. Note that this objective has been met during the MSc project. A description

of this facility is presented in Section 2.3.

* Collection of a relatively large number of samples to activate with secondary neutrons
during routine radionuclide productions with 66 MeV protons in the VBTS. The selection

should cover a wide mass region.
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¢ After the activation, to assay all the samples for their induced radioactivity with an off-line

gamimma-ray spectrometer system.

* Analyze all the measured spectra and derive production yields for all reaction products

that can be identified uniquely.

¢ Perform calculations and simulations in order to make predictions of all observed yields.
Select a state-of-the-art Monte Carlo radiation transport code for this purpose to simulate
the VBTS and to find in this way the expected neutron spectrum in the location of the
activation chamber. Find the most recent evaluated cross-section data for the relevant

neutron-induced reactions and use only those values for the calculated predictions.

* Find an appropriate way to compare the yield predictions with the corresponding mea-

surements, where the number of radionuclides may be quite large.

¢ Estimate to what extent the predictions can be trusted for cases where no experimental

data exist.

¢ Finally, to derive and list the effective cross sections for all the observed reaction products.

6.2 EXPERIMENTAL ASPECTS AND CONSIDERATIONS

6.2.1 Primary target composition

The 66 MeV proton beam traverses many layers of materials during the bombardment of a
VBTS target. In this study, a tandem Rb/Ga target was bombarded in a usual ¥Sr/%®Ge
routine production for each of the experimental runs. Table 5.1 in the previous chapter shows
the material layers of the tandem target. The beam is expected to stop in layer no. 12, namely

Ga metal, which will be in a molten state when there is beam on target.

6.2.2 Neutron-activated samples

A list of the samples activated in Run-1 is presented in Table 6.1. The majority were single
elements but there were also some compounds. All samples had natural isotopic composition,
chosen from available stock at iThemba LABS with the main purpose to cover a wide mass
region. All samples were made up to fit into small plastic bags, 13 mm by 13 mm after being
sealed. The plastic became brittle during the bombardment but survived. The samples had to
be handled with extreme care after bombardment until adhesive tape could be applied on both
sides, prior to mounting them on counting frames. Some of the larger samples were subdivided
after activation for purposes of making good sources for counting.

In the case of Run-2, only seven different sample types were activated but with some multi-
plicities introduced. This was to test for possible asymmetry in the neutron flux with respect to
the beam axis. Table 6.2 presents the complete list of samples. Three samples of enriched %6Zn
metal foil were included as well as two samples of ®ZnCl salt, all sealed in 13 mm by 13 mm
plastic bags as described above. The %®ZnCl samples were included specifically because of our
interest in ®”Cu production. Unfortunately these two salt targets were found to be destroyed

after the bombardment. The hardened plastic coverings of these targets cracked either during
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Table 6.1: Targets/samples activated by neutrons behind a VBTS target during Run-1.

Target Z Mass Purity  Supplier

material (8) (20)

9Be 4 0.0104 99.5 Goodfellow, UK
23Na (as Nal) 11 0.609 99.5 Sigma Aldrich, USA
natTy 22 0.135 99.999 Goodfellow, UK
55Mn 25 0.835 99.95 Goodfellow, UK
59Co 27 0.983 999 Goodfellow, UK
natNj 28 0.730 99.98 Goodfellow, UK

natBr (as CsBr) 35 0.694 99.5 Merck, Germany
natRh (as RbCl) 37 0.473 99.8 Sigma Aldrich

89y 39 0.247 99.9 Goodfellow, UK

93Nb 41 0.577 99.9 Goodfellow, UK

103Rh 45 0.459 98.16 Reactor Experiments, USA
natAg 47 0.362 99.95 Goodfellow, UK

H51n 49 0.635 99.99 Koch Chemicals

1271 (as Nal) 53 0.609 99.5 Sigma Aldrich, USA

133Cg (as CsBr) 55 0.694 99.5 Merck, Germany

141pr 59 0.363 99.9 Goodfellow, UK

natGd (as Gd,03) 64 0.431 99.9 Sigma Aldrich, USA
169Tm (as TmO) 69 0.696 99.9 Fluka, Switzerland

181Tq 73 0.660 99.95  Goodfellow, UK
197 Au 79 0.436 99.99  Goodfellow, UK
natTy] (as TIC)) 81 0.531 >99.0 BDH Chemicals, UK
209Bj 83 0.408 99.97 Goodfellow, UK

the bombardment or during their retrieval from the target station afterwards. The salt crystals
dissolved in their own crystal water, which partially leaked out. While some sources could be
made, no credible quantitative data could be obtained from these sources and they were sub-
sequently discarded. Following this incident, enriched %8Zn metal-foil samples were sourced
and activated in Run-3. Because the analysis of the %8ZnCl salt samples was abandoned, they
are omitted from Table 6.2.

Concerning all the enriched Zn samples of this study, note that a distinction is made be-
tween the actual material and the main constituent isotope of the material. In the case of 6Zn,
for example, the sample material is denoted as s[®Zn] to distinguish it from pure mono-isotopic
66Zn. This is done because all the Zn samples are well characterized in terms of their isotopic
composition. A summary of the constituent percentages for all the Zn materials employed is
given in Table 6.3.

In Run-3 the focus was mainly on Zn samples relevant to “Cu formation. Only six samples
were activated, a summary of which is presented in Table 6.4. Details of the ®®Zn sample
preparation and composition are given in Ref. [ l.

As already mentioned, in Run-2 an attempt was made to see if axial asymmetry of the
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Table 6.2: Targets/samples activated by neutrons behind a VBTS target during Run-2.

Target Source Z Mass Purity Supplier
material name (8) (%)
natMg Mg-1 12 0.0130 99.9 Goodfellow, UK
Mg-2 0.0120
Mg-3 0.0121
27A1 Al-1 13 0.0679 99.9 Goodfellow, UK
Al-2 0.0654
Al-3 0.0757
natzn natzn-1 30 0.1326 99.8+ Goodfellow, UK
natzn-2 0.1119
natzn-3 0.1215
s[%¢Zn] s[®Zn]-1 30 0.2222 99.0 Technabexport, Russia
s[%%Zn]-2 0.1993
s[%%Zn]-3 0.2028
103Rh Rh-1 45 0.1041 98.16 Reactor Experiments, USA
Rh-2 0.1067
Rh-3 0.0982
232Th Th-1 90 0.0538 99.7 Goodfellow, UK
Th-2 0.0471
Th-3 0.0482

Table 6.3: Zn sample/target materials employed and abundances* of their constituent stable isotopes.

Target 64Zn  %zZn 67Zn  %8Zn 0Zn
material (%) (%) (%) (%) (%)

natzn 49.17 27.73 4.04 18.45 0.61
s[%6Zn] 0.40 99.0 0.17 0.43 0.03
s[%7Zn] 1.44 2.2 91.5 4.78 0.08
s[%8Zn] 0.03 0.09 0.75 98.32 0.81

* For "**Zn according to the NuDat 3.0 library | 1.
For enriched Zn samples according to their suppliers.

Table 6.4: Targets/samples activated by neutrons behind a VBTS target during Run-3.

Target* Source Z Mass Purity Supplier

material name (8) (%)

27A1 13 0.0535 99.9 Goodfellow, UK

natzn 30 0.0835 99.8+ Goodfellow, UK

s[%6Zn] 30 0.1958 99.0% %6Zn  Technabexport, Russia

s[67Zn] 30 0.0481 91.5% 5"Zn  Technabexport, Russia

s[%8Zn] s[®8Zn]-1 30 0.0438 98.32% %%Zn PSI, Switzerland
s[®®zn]-2 30 0.0416

* See also Table 6.3.
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neutron flux might be a problem. For this reason, three foil samples of the same material were
activated in the case of the metal samples. These samples were spaced approximately 120° with
respect to each other in a triangular fashion, shown schematically for the three Mg samples
in Figure 6.1. In all the runs the samples were spaced approximately equidistant from each
other in a circle, with partial overlap unavoidable in Run-1 and Run-2 but never more than
two layers deep. The centre region of the sample chamber was blocked by attaching a circular
piece of polystyrene (with a 30 mm diameter) in that position, ensuring that all samples were
positioned in the remaining annular cavity. This was done in order for all samples to have the
same orientation with respect to the beam axis, or as close to such a situation as one could
reasonably achieve. The premise was that such a configuration would allow all samples to be

subjected to the same neutron flux.

Figure 6.1: Schematic top view of the neutron irradiation chamber, showing the locations of the magne-
sium samples during Run-2.

6.2.3 Bombardments

In all three runs the samples were activated over several days. In Run-1 the accumulated
charge was 20000 pAh. Run-2 and Run-3 had shorter durations, the accumulated charges
being 13645 and 14406 pAh, respectively. The beam current was logged in 1-second intervals.
These beam histories were stored as numerical data and utilized in the analysis. The typical

beam current, when beam was on target, varied between 180 and 220 pA.

6.2.4 Radionuclide assays

Gamma-ray spectra of all activated samples were measured off-line as described in Section 2.6.
The source-detector distances varied between 10 cm and 2 m from the face of the HPGe detec-
tor, depending on the dead time, which was typically kept below 5%. A first counting session
was started immediately after the samples could be removed from the VBTS, usually a few
hours after a production run was stopped. These initial runs were quite short, with typical live

times of the order of 1000 seconds. A second counting session was initiated about 24 hours
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later, with live counting times typically between 30 minutes and 1 hour. A third counting ses-
sion, starting about a week later, counted samples for typically between 8 and 12 hours. A
fourth counting session was done about a month later but only for selected samples, in cases
where radionuclides with very long half-lives had to be assayed. In these cases the live count-
ing times could be up to a number of days. Meticulous records were kept of all spectra as the

spectrometric counting progressed.

6.3 MONTE CARLO SIMULATIONS

Monte Carlo simulations were employed to obtain the neutron flux behind selected radionuclide
production targets. There are several general Monte Carlo codes available that would have
sufficed our needs, such as Geant4 and FLUKA, both of which are freely available from their
custodian, CERN. The choice, however, was to employ the MCNP6 code, which is under the
custodianship of Los Alamos National Laboratory (LANL) in the US. This decision was partly
because of the main role of MCNP in recent studies of a similar nature elsewhere, particularly
those performed at LANL [ , , ]. An overview and history of the
Monte Carlo method is presented first, followed by the specifics of the simulations performed

in this study.

6.3.1 Overview and history

A 66 MeV proton beam incident into the VBTS will be completely stopped by a radionuclide
production target. Only about 7% of these protons will induce nuclear reactions, most of which
will lead to the emission of secondary neutrons. It is significant that the overwhelming majority
of beam protons are slowed down and stopped as a result of a large number of interactions with
atomic electrons only; from this perspective the nuclear interactions are not dominant. In spite
of this, it is amazing how useful the relatively small percentage of nuclear interactions turns
out to be, especially in the field of radionuclide production.

The spectrum of emitted neutrons comprises contributions from various nuclear processes.
The so-called spallation neutrons are emitted at the highest energies. They are formed by
direct (fast) interactions on a time scale of approximately the time required for a proton to
traverse a nucleus (about 10722 seconds.) They typically have a long range in matter and cause
further neutron-induced reactions within the materials that they traverse. This is the main
reason why the contents of an irradiation vault (including the walls, floor and roof) gradually
become more radioactive. Highly excited nuclei are formed by nuclear reactions, mainly by the
protons inside the target materials but also by long-range neutrons in all the other materials.
These excited nuclei will eventually de-excite, in many cases leading to additional neutron
emission but typically at much lower energies than the spallation neutrons. The so-called
evaporation neutrons are emitted at the lowest-energy side of the spectrum (on a time scale of
about 107!¢ seconds), a process often likened to the emission of atoms or molecules from a hot
liquid drop. Evaporation neutrons are emitted from excited nuclei that have reached statistical
equilibrium, the available excitation energy having distributed statistically to all constituent

nucleons. Indeed, the escape of an evaporation neutron from an equilibrated nucleus has
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become a purely statistical process. Between these two extremes, i.e. spallation at the highest
energies and evaporation at the lowest energies of an emission spectrum, a host of intermediate
processes can be identified. These processes are collectively referred to as preequilibrium or
precompound processes or reactions, leading to the emission of neutrons having intermediate
energies. Intermediate-energy neutrons are emitted by excited nuclei that de-excite before
reaching statistical equilibrium, earlier in the evolution of the nuclear reaction that initiated

the equilibrating process but long after a direct nuclear reaction is likely to occur.

Monte Carlo radiation transport simulations can be performed in which all the various
materials as well as the proton beam can be modelled with a significant degree of precision.
The code MCNP6 version 6.1 was used for all the model development but final runs were
performed with a later version of the code, version 6.2. MCNP is an acronym for Monte Carlo
N-Particle [ , . This code, as well as the Monte Carlo technique in general,
has a very long history, traceable to the years just after World War II. This history is too vast to

summarize here but a few salient aspects are discussed below.

Harrison | | describes Monte Carlo simulations as computer techniques used for
random sampling and statistical modelling to estimate mathematical functions and/or mimic
the operation of complex systems. The name is synonymous with a well-known casino in
Monaco, since chance and random outcomes are central to gambling as much as they are to
any statistical simulations. The idea was first introduced by a mathematician who participated
on the Manhattan Project, Stanislaw Ulam. After the war, while recovering from surgery, Ulam
spent most of his time playing the card game Solitaire. He started to plot the outcomes of
completed games in order to observe their distribution, hoping to determine the probability of
winning. Ulam later shared his ideas with John Von Neumann, a Hungarian-American math-
ematician and physicist who made massive contributions to the emerging field of computer
science. These two started to collaborate and was later joined by a third colleague, Nicholas
Metropolis, to develop what is now known as the Monte Carlo simulation technique [ l.

It was Metropolis who gave the technique its name.

The Monte Carlo technique had an almost immediate impact on the nuclear sciences, al-
ready implemented on the first generation of electronic computers. Enrico Fermi, while at Los
Alamos in 1947, traced the movements of neutrons through fissionable materials by means
of some of the earliest Monte Carlo simulations in the field. Many different codes emerged
during the 1950s and 1960s, some specialized for neutrons and others for photons. More gen-
eral three-dimensional particle transport capability was developed and introduced into these
codes. Various mergers took place to account for neutron-photon interactions. One such
merger, in 1977, resulted in the first version of the MCNP code, which originally stood for Monte
Carlo Neutron Photon | ]. The first version of the code released for public distribution
was MCNP3 in 1983 (to the Radiation Safety Information Computational Center, RSICC). The
change of the acronym MCNP to Monte Carlo N-Particle was introduced in 1990 when elec-
tron transport was added. There was a split in the development of MCNP during the MCNP4
era, when developers of the Accelerator Development of Tritium (ATP) team required the utility
of many-particle transport (also called eXtended-particle or X-particle transport). This led to
the separate development of MCNPX and MCNP4 by separate teams. During 2001 and 2002,
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MCNP4 version C was completely rewritten in modern Fortran 90, including support for large-
scale parallel processing on new generations of multi-core computer architectures. In July
2006, driven from the top by the management of LANL, the two development efforts merged
again, taking MCNPX version 2.6B and MCNP5 to their last few individual releases. The first
joint release was MCNP6 in 2013. The most recent version of the code is MCNP6.2. It is de-
scribed by its developers as a general-purpose, many-particle, continuous-energy, generalized-
geometry, time-dependent, Monte Carlo radiation transport code system | l.
MCNP6.2 was released bundled with processed nuclear data based on the ENDF/B-VIIL. 1
library, which is an evaluated nuclear data file released in December 2011 | l. It
was subsequently replaced with a new file based on the 2018 release of the ENDF/B-VIIIL.O
library [ ], which was implemented in the code version used for the final MCNP runs
of this study. The Evaluated Nuclear Data File ENDF/B is maintained by the Cross Section
Evaluation Working Group (CSEWG), which is an international collaboration coordinated by
Brookhaven National Laboratory (BNL) in the US. In cases where evaluated nuclear data are not
available — e.g. for many materials evaluated neutron-induced cross sections are unavailable

above about 20 MeV — nuclear models are employed to provide predicted values.

6.3.2 Nuclear models and physics selections

The aim of the Monte Carlo simulations described here was solely to obtain the secondary
neutron flux in the activation chamber located in the pusher assembly of the VBTS. The cal-
culations required to make yield predictions, for radionuclides formed by neutron-induced
reactions, were performed outside of the MCNP code. Since the so-called “table physics” was
insufficient in terms of the required evaluated cross sections for most of the materials, physics
models had to be selected to fill this gap. Six different combinations of models were employed in
this part of the investigation. Three of them are so-called intranuclear cascade models, which
have to be combined with an evaporation model for a complete “model physics” selection. The
MCNP code provides two different evaporation models, both of which can be combined with any
of the intra-nuclear cascade models. A fourth model contains both cascade and evaporation
stages intrinsically. These models are briefly described below.

The basic assumption of the intranuclear cascade (INC) models is that the interactions of
high-energy particles with a nucleus can be approximated by free particle-particle collisions
(viz. nucleon-nucleon collisions) inside the nucleus. The justification for this approximation is
an assumption that the wavelength of the incident particle is of the order of, or smaller than,
the inter-nucleon distance. This physical process, described as free two-body collisions within
the nucleus, is called the cascade. This approximation is really only valid at sufficiently high
excitation energies. In the normal evolution of a nuclear reaction, the cascade is followed by
other physical processes, such as preequilibrium particle emission (including cluster emission),
evaporation, fission, or de-excitation by photon emission [ ]. In principle the intra-
nuclear cascade is a preequilibrium process but as the cascade is normally terminated while
the nucleus is still decidedly in an unequilibrated state, another preequilibrium model is often
required to describe the further evolution of the reaction towards equilibrium. The later stage of

the reaction evolution is usually evaporation, except for fissionable materials where evaporation
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is in competition with fission. When particle emission becomes improbable in the de-excitation
stage of a nucleus, further de-excitation by gamma-ray emission will still occur.

Two of the earlier INC models implemented in MCNP, the Bertini and ISABEL models, date
back to the early 1960s but have undergone numerous developments and additions over the
years. They are both standard options in MCNP6. Filges and Goldenbaum | ], in their
Handbook of Spallation Research, describe the Bertini model as the precursor of all modern INC
models. This includes ISABEL, the Li¢ge Intranuclear Cascade Model (INCL) and the Cascade-
Exciton Model (CEM). The various INC models differ in their criteria to determine when a
particle has left the cascade, i.e. when the first stage or cascade stage has ended. Spallation
neutrons are produced by inelastic intranuclear collisions during this stage.

A later edition to the MCNP code is the Liége Intranuclear Cascade Model (INCL), developed
by Joseph Cugnon and co-workers at the University of Liege, Belgium [ , ]. The
current version is INCL4 (the latest stable edition is version 4.6). This model is frequently used
in combination with ABLA, which is a fission and evaporation code [ ]. The alternative
to ABLA for modelling the evaporation stage is usually referred to as Dresner, the originator

of an evaporation code with great longevity which is still widely used in various Monte Carlo

codes [ , l.
The Cascade-Exciton Model (CEM) is nowadays the default option in MCNP, since the re-
lease of version 6.1 | ]. (In prior versions the default was the Bertini/Dresner physics

selection.) In CEM the reaction is treated in three distinct stages. The first stage is an in-
tranuclear cascade, during which primary particles can be scattered and produce secondary
particles. These secondary particles can be emitted or re-absorbed by the nucleus. By the
time the cascade stage has terminated, an excited residual nucleus is left in a non-equilibrated
state, having a particle-hole configuration that is the starting point of the second stage. The
second stage is a preequilibrium stage, solved by means of the Modified Exciton Model (MEM),
during which preequilibrium emission of individual nucleons or clusters may occur. The third
stage is the evaporative final stage of a fully equilibrated nucleus, which may be in competition
with fission in the case of fissionable nuclei. When the CEM model is selected, the parameter
selecting an evaporation-fission model is ignored. The physics selections (models) chosen for

this part of the thesis project are as follows:
1. Bertini/ABLA,
2. Bertini/Dresner,
3. CEM,
4. INCL/ABLA,
5. ISABEL/ABLA,
6. ISABEL/Dresner.

These six physics selections were investigated by Feghhi et al. | ] in a study of the
emission spectra of neutrons from a spallation target, prompting us at the start of this study

to also investigate them in a comparative study of their predictive power in our application.
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6.3.3 Geometry specification

A three-dimensional model of the VBTS was developed by utilizing standard macrobodies and
surfaces supplied within the MCNP code system [SHU2007, PEL2013]. About 95% of the model
was retained since the MSc project [MOT2019] but some improvements and corrections were
implemented. A visual inspection of the model was done as it was developed from stage to stage,
utilizing the plot routine of MCNP6, which also provided diagnostics, errors and warnings of
possible mistakes. While the total material budget is realistic, not every bolt and nut were
modelled as this would have taken a very long time. Simplifications were introduced based on
judgements that had to be made. We are convinced, however, that all major components have
been incorporated with a sufficient degree of precision and that the model closely resembles
the actual VBTS and its targetry.

The geometry of the model is shown in Figures 6.2 through 6.4, zooming in from figure to
figure. A part of the vault and the complete VBTS are shown in Figure 6.2. The target region
and pusher assembly are shown in more detail in Figures 6.3 and 6.4. The annular cavity
that held the samples was modelled as a single cell, excluding the actual samples. The average
neutron flux in this cell was obtained from a so-called F4 flux tally, the results given in units

of neutrons/cm? per source proton.

Vertical beamline

Vacuum

Air

Outer lead shield
Paraffin wax + B,C
Inner iron shield
Target holder

Air

Aluminium frame

Water + Borax

Iron

Concrete

Figure 6.2: The geometry of the VBTS model and vertical beamline as generated with the MCNP6 code
system. Note that subsequent figures zoom into the target region to show more detail. The image is
coloured by materials selection.
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Vertical beamline
Vacuum

Graphite collimator
sector

Woater-cooled
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Helium-cooled
Havar window

Aluminium
target holder

Neutron activation
chamber

Figure 6.3: The target region of the VBTS model as generated with the MCNP6 code system. Note that
Figure 6.4 zooms in further to show the region of the neutron activation chamber.

Helium-cooled
Havar window

Rubidium target

Gallium target

Annular sample
cavity for neutron
activation of samples

Sample positioning
spacer ring

Figure 6.4: Zoomed-in view showing the target holder, tandem Rb/Ga targets, and the neutron activation
chamber located in the target pusher assembly of the VBTS model, as generated with the MCNP6 code
system. See also Figures 6.2 and 6.3.
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6.3.4 The effect of the error in geometry on previous results

As already mentioned, a mistake was made in the geometry of the target set-up in the MCNP
model, which affected the model predictions presented in reference [MOT2019]. This led to a
consistent overprediction of the measured yields, irrespective of the choice of physics selections
in the model. At that time, the issue was not understood and remained unresolved. Now it is
understood that the thickness of the back-end of the target holder was incorrectly modelled.
This has to do with two components inside the target holder that are generally referred to as
the “inserts” in iThemba LABS jargon. A photograph of a target-holder back plate with a set of

inserts is shown in Figure 6.5.

Pillars

Inserts

Positioning
guide

Protrusion/
shoulder

Target-holder
back plate

Figure 6.5: Photograph of the target-holder back plate and inserts, showing the protrusion/shoulder
introduced onto the beam axis once an assembled target would be loaded into the irradiation position.

Essentially, the inserts provide two grooved pillars that assist in holding the actual targets
in place inside the target holder. These two components fit together and locate as a unit into
a recess machined into the target-holder back plate. During the initial discussions, when the
MCNP modelling work commenced, it was decided that there was no need to include these
two pillars in the model. At that time it seemed like a justifiable simplification to omit them.
Unfortunately, this also led to an error of judgement as the two inserts, once assembled onto
a back plate, introduces an additional layer of aluminium that adds to the total thickness of
material at the back-end of the target holder. In other words, the inserts contain material that
constitutes another aluminium layer on the beam axis. The omission of the inserts also led to
the omission of this important material layer from the model. Furthermore, the way the input
file was written did not check whether the sum of thicknesses of all on-axis target materials
reproduces the thickness of the actual target holder. Once the mistake was discovered, a
few lines of code implemented such a check. The omission of this essential material layer in
the model resulted in the tandem targets being located closer to the neutron activation cavity
than they would be in reality. The overprediction of the neutron flux was mainly due to two

contributing factors: (1) less material between the targets and activation cavity than in reality;
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(2) a larger solid-angle range subtended by the activation cavity to the neutron flux emitted
from the targets. Both effects were thoroughly investigated in subsequent MCNP runs. It
turned out that the latter contributor (i.e. the “solid-angle effect”) was the main contributor
by far to the overpredicted neutron flux in the sample cavity of the activation chamber. In
the latest implementation of the model, the aluminium thickness of the back-end of the target
holder is taken as the sum of the thicknesses of the actual back plate and the protrusion
(shoulder) formed by the inserts. A sum check is also performed separately and compared to

the actual target-holder thickness — the two values should be the same.

6.3.5 Proton-beam simulations and particle histories

The primary particles tracked in the simulation are the protons of the incident beam, referred to
as “particle histories” in the parlance of MCNP. Simulations are typically developed and tested
by running a relatively small number of particle histories (e.g. 100 000) followed by longer runs
with a larger number of particle histories on a more mature problem (i.e. several millions). In
the final runs of this work, problems were typically run with 2 x 10® particle histories.

The cyclotron beam from the SSC has a very typical Gaussian intensity profile. In order to
spread the beam out and optimize the intensity profile on target, the beam is swept (or rastered)
in a circular fashion with a sweep frequency of 3 kHz during VBTS operations. This also helps
to prevent hot spots on a target. The MCNP code has several powerful implementations for
beam sources. In the case of the MSc project, the source term was always specified as a
single proton beam. After further investigations subsequently, a better way was discovered,
utilizing the “transformation” (TR) statement in the source definition. The TR statement allows
one to define multiple beams by duplicating a primary beam and placing its centre on new
coordinates. In this study, all incident beams were defined to be parallel to each other but to be
located with their centres on a circular trajectory with a radius similar to a typical beam sweep
radius. The black circle in Figure 6.6 represents an unswept beam, i.e. when the sweeper
magnets have been powered down. The red circles represent the swept beam for the case
where the beam radius is the same as the sweep radius, which is close to the optimal case
for circular sweeping at a constant radius | ]. Eight discrete beams are shown in
Figure 6.6, separated by azimuth angles of 45°. This is just for purposes of illustration. In the
MCNP model the discrete set of beams totalled 72, separated by azimuth angles of 5°. In any
Monte Carlo run, the protons are generated singly and tracked in a sequential manner. Each
successive particle history had equal probability to be generated from any of the 72 beams.

Sensitivity runs were performed by varying the number of discrete beams. It was found
that differences were only subtle between the case having 16 beams and cases specifying a
larger number of beams, with no significant differences when choosing more than 72 beams.
For the final runs the number of beams were kept at 72, which is considered to be a realistic
approximation to a swept beam in the VBTS. A cookie-cutter cell with the same diameter
as the collimator aperture was also specified, as in real bombardments more than 99% of
beam protons will pass cleanly through the collimator. This is assured by the fact that strict
current limits are enforced on collimator sectors to avoid them from becoming damaged, being

interlocked to trip the accelerator RF should a sector current limit be exceeded.
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Figure 6.6: Schematic diagram illustrating the modelling of a circularly swept (rastered) beam (see text).

6.4 DATA ANALYSIS

6.4.1 Energy-group structure

The LaBauve energy-group structure is a 63-group structure ranging from 10~ MeV to 25 MeV,
defined by LaBauve for the CINDER'90 code [ ]. This code was developed for activation
and burn-up calculations in reactor problems. As the upper energy limit of 25 MeV would not
be suitable for tallying neutrons with energies between 25 and 70 MeV, it was necessary to in-
troduce a modified LaBauve energy-group structure. All the LaBauve groups below 1 MeV were
adopted unchanged. The energy group that crossed 1 MeV was truncated at an upper value of
1 MeV. Energy groups above 1 MeV were defined to have a constant 1 MeV width, terminating
at 67 MeV. This resulted in a total of 117 energy groups or bins, 51 of which tallied energies
below 1 MeV. A table of the complete energy-group structure is presented in Appendix B. (Note
that in Appendix B the energy-group structure has been extended to 120 groups as simulations
were later extended to 70 MeV).

6.4.2 Pointwise and group-averaged cross sections

In this study, formation cross sections of radionuclide residues produced by neutron-induced
reactions were taken from the TENDL-2019 and TENDL-2021 libraries [ ]. TENDL is
an acronym for “TALYS-based evaluated nuclear data library”, providing the output of nuclear
model calculations with the TALYS code system for direct use in basic physics and applications.
The latest edition, TENDL-2021, is the 11*" version of the library. Initially the yield predictions
were performed with TENDL-2019, a task that nearly reached completion when TENDL-2021

was released. The process was then repeated with the new library.
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The TENDL libraries provide cross sections for residue production as pointwise data. In
contrast, the Monte Carlo simulations with the MCNP code provided neutron flux values in
discrete energy intervals or bins, generally referred to as multigroup data. The use of both
pointwise and multigroup data in calculations require some care. Fortunately, methods exist
to derive one data type from the other and vice versa, provided certain conditions are met.
The methods employed in this study are briefly discussed below, including the derivation of
so-called group-averaged cross sections.

The tabular cross-section data provided by the TENDL libraries are sufficient to represent
the shape of an excitation function quite well. To obtain cross sections at energies in-between
the tabulated values requires the use of a suitable interpolation scheme. Cubic spline interpo-
lation was utilized extensively. It was convenient to incorporate a natural cubic spline routine
into our own Fortran codes, obtained from the well-known compilation “Numerical Recipes in
Fortran 77" | ]. Most of the TENDL data could be fitted directly but in a few cases
Runge’s phenomenon was observed, namely noticable oscillations between sample points. This
could be remedied satisfactorily by enlarging the specific TENDL pointwise data set by means
of spline filters. The “curve fitting and equation discovery package” TableCurve 2D | ]
was used for this purpose. The “Digital Spline Filter” option of that code provides on-screen
visualization and an easy way to increase the number of discrete points in a pointwise data
set. The user can select from a selection of NURBS splines with order ranging between 1 and
8. Alternatively a B-spline of order 2 can be selected. The term B-splines is short for “basis
splines”, representing a class of splines that are piecewise polynomial functions of degree n — 1
in the independent variable for a spline function of order n | ]. The NURBS splines are
a specific class of B-splines called the “non-uniform rational basis splines”. The TableCurve
software allows the user to rapidly cycle through the choices of filters and also to adjust points
to improve the fit. The latter was mostly not required as the TENDL data are generally quite
smooth. We found the workflow with TableCurve to be highly evolved, intuitive and fast. The
most recent version is 5.01 but we used the somewhat older version 4.0. Typically a TENDL
data set will contain 121 pointwise values between threshold and 200 MeV. After filtering, a
new data set with 500 values between threshold and 100 MeV would be created, and visually
checked for goodness of fit. The latter process was also very well assisted by TableCurve in that
points that are not well fitted change colour to red.

According to Hodgson et al. | ], two basic approaches to using cross sections are
utilized in computational physics, namely “continuous” and “multigroup”. The latter comes
into play in Monte Carlo simulations as the tallying of emitted particles (neutrons in our simu-
lations) requires energy intervals or groups. Cross sections are therefore required in which the
pointwise data have been averaged over the respective ranges of the energy groups, generally
referred to as group-averaged cross sections or multigroup cross sections. Group-averaged

cross sections can be expressed as follows:

Ei

o; = % / d(E)o(E)dE; 1<i< Ny, (6.1)

E;

where ¢(FE) is a weighting function, ¢(FE) is the excitation function (cross-section function)
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and N, is the number of discrete energy groups. The integration limits are the boundaries of

the group. The quantity ¢, is the weighting function integrated over the group:

Eit1
¢; = / ¢(E)dE. (6.2)

E;

The weighting function in this case should be the neutron flux causing the activation. The
evaluation of Equation 6.1 requires point data for the neutron flux, which is somewhat prob-
lematic as the Monte Carlo simulations providing such data produce multigroup values, not
pointwise values. Fortunately there are ways to address this problem. The cumulative neutron
flux function, derived by a simple summing of the multigroup flux spectrum, provides point
data at all the upper limits of the groups. This can be defined as follows:

i+1

O(Eip1) =» o5 1<i<N,. (6.3)

j=1
Next, these pointwise cumulative flux values can be fitted with simple polynomials in a piece-
wise manner, where again we found TableCurve very useful. The derivatives of simple polyno-
mials are also simple polynomials of one unit lower order, which can easily be implemented in
any Fortran code, the coefficients of which have been provided by TableCurve during the fitting
process. These derivative functions can then be used to calculate pointwise flux values at any
energies within the applicable range. The only group not covered by this method is the group
at lowest energy (i.e. group 1 — see Appendix B). For this group a Newton-Cotes formalism was
used, which is discussed next.

There are also other, simpler methods to average point data into multigroups, such as
the closed-form Newton-Cotes formulae. The lower-order Newton-Cotes formulae are often
employed in numerical integration algorithms. The Newton-Cotes formula of degree 1 is often
referred to as the Trapezoid rule. Similarly, Newton-Cotes of degree 2 is Simpson’s rule; degree
3 is Simpson’s 3/8 rule; and degree 4 is Boole’s rule. Let a and b denote the lower and higher
group boundaries of an arbitrary chosen neutron group, as shown in Figure 6.7. Let E; define

a set of equispaced neutron energies within the region a — b as follows:
Ei=a+jlb—a)/n; 0<j<n, (6.4)

where n is the “degree” of the scheme. For each neutron group i, the group cross section can

be evaluated by applying the closed-form Newton-Cotes formulae as summarized in Table 6.5.

It was found that the different Newton-Cotes formulae gave very similar results to the group-
averaged cross-section expression of Equation 6.1 in all groups above 1 MeV. Below 1 MeV the
differences for some groups were sometimes relatively large between values obtained by means
of Equation 6.1 and the Newton-Cotes expressions (up to 20% in some cases), probably because
relatively few groups cover a range spanning many orders of magnitude. The decision was
therefore made to adopt the Newton-Cotes expression of degree 4 for all groups above 1 MeV
(to save some labour) but to evaluate Equation 6.1 rigorously for all groups below 1 MeV.

Newton-Cotes of degree 4 was also used to evaluate group 1.
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Figure 6.7: Illustration of a neutron energy group defined for an arbitrary excitation function (cross sec-
tion ¢(E) versus neutron energy E) to discretize the cross section in that group (or bin). The nomenclature
introduced in this figure are also used in the Newton-Cotes expressions listed in Table 6.5.

Table 6.5: The group cross section according to the closed-form Newton-Cotes formulae.

Degree Formula used for o; Common name
1 b ; ¢ [0(Ep) + o(En)] Trapezoid rule
2 b—a [0(Eo) + 40(E1) + o(E2)] Simpson’s rule
3 b g a4 [0(Ep) + 30(E1) + 30(E2) + o(E3)] Simpson’s 3/8 rule
4 bg—Ta [To(Eo) + 320(E1) + 120(Es) + 320(Es) + 70(E4)] Boole’s rule

6.4.3 The mean formation cross section

The mean formation cross section is a weighted average of all the group-averaged cross sections
of all the individual groups. Let ®; denote the total neutron flux (neutrons/cm? per incident
proton) in the annular cavity of the activation chamber, as given by the MCNP6 simulation. Let
N, denote the number of neutron groups of the adopted energy-group structure. The following
identity then holds:

1 N
52 %=1 (6.5)
=1

where ¢; is the neutron flux in neutron group i; 1 < i < N,;. One can interpret the ratio
¢/, as the probability that a randomly observed neutron inside the activation cavity belongs
to energy-group :. The mean cross section for the formation of a particular radionuclide by

neutron activation can be defined as follows:
1N
On = ‘E; ¢i0i7 (66]
where o; is the group-averaged cross section pertaining to neutron group 1.
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6.4.4 Accumulated charge

Since the measured yields will usually be normalized to the unit of charge pAh, one would like
to do the same for the predictions based on the MCNP6 neutron spectra in conjunction with
excitation functions from the TENDL libraries. From a simulation one obtains the neutron flux
per incident proton. Consequently, it is required to calculate the number of incident protons
in an accumulated charge of 1 zAh. One proton has a charge of 1.602 x 1071 C/s (Coulomb
per second). Therefore 6.242 x 10'® protons have a combined charge of 1 C. We also have
the following equivalence of units: 1 zAh = 3.6 x 1073 C. Thus 1 pAh contains 2.247 x 1016

protons, a number denoted by @, in the subsequent discussion on physical yields.

6.4.5 Predicted physical yields

The physical yield per unit mass of the sample, or more precisely per unit mass of the fraction

of target nuclei of the same isotope in the sample, is given by

N
Y = 9,Q, (,:) No,(1x107%")  Bq(uAh)~'g™! (6.7)
where N, is Avogadro’s number, A is the atomic mass of the target nucleus in atomic mass
units (AMU), X is the decay constant of the produced radionuclide, and it is assumed that the
mean formation cross section has units of millibarn. In cases where the target has a natural
composition containing more than one isotope, Equation 6.7 can be successively applied to

each target isotope, weighted with its natural abundance and summed.

6.4.6 Experimental physical yields

Most of the relevant equations related to experimental cross-section determinations and the
related physical yields have been dealt with in Sections 2.7 and 2.8. They remain valid also for
neutron-induced reactions. The physical yield per unit mass can be written as

Ajexp(Nt, — T
v = el 27D Bq (uah) g, 6.9

Mreyeq i AQqexp(—A[T — t;])
i=1

where M is the sample mass, A, is the vy-ray full-energy peak area, 7 is the counting live
time, e, is the v-ray branching ratio, ¢; is the detector efficiency, ¢,, is the mean-value time
within the real counting-time interval as given by Equation 2.17, T is the time of EOB where
t = 0 is the time of the start of the bombardment, ¢; is the incremental time when incremental
charge @), of the beam was measured for all 1 < i < n, where n is the number of incremental
charge measurements made during the bombardment. Similar to Equation 6.7, in cases where
the target has a natural composition containing more than one isotope, Equation 6.8 can
likewise be successively applied to each target isotope, weighted with its natural abundance

and summed.

6.4.7 Comparison between predicted and experimental yields

Physical yields for 121 reactions and/or nuclear processes could be uniquely determined from

the measured 7-ray spectra, where the focus was on radionuclides with relatively long half-
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lives. For all of these cases, corresponding predictions have been calculated using TENDL
cross sections in conjunction with Monte Carlo simulations. These data cover a rather large
mass range, from “Be to ?°’Bi. During the MSc project, several approaches were considered to
display such a large body of data in a way that provides a good visual insight into the overall
level of agreement between predicted and measured values. In this work we followed a similar
approach but with some changes, which will become apparent in the discussion below.

The first step was to establish a convenient numbering scheme by assigning a unique in-
dex or “reaction identification number” to each reaction or process. This numbering scheme
starts at the light masses, with increasing index numbers in order of increasing Z as the first
condition, followed by increasing A as the second condition. The idea is that this index can
be displayed on the x-axis of a graph in order to show the trend of a quantity as a function of
increasing atomic charge and mass. The quantity displayed on the y-axis should be something
that facilitates a comparison between predicted and experimental yields. There are rather many
ways in which this can be done. The initial effort was to simply use the ratios of the predicted
and experimental yields.

Let i denote the reaction identification (ID) number, Yo 4r¢ the calculated physical yield and
Yexp the measured physical yield. As a first attempt, we plotted the ratio of the yields versus

the reaction ID number, which can be expressed formally as follows:

‘ . Yoarc(i) :
Ho(Yearc(i), Yexp(i) = Yoxr@' 1<i<N,, (6.9)
EXP
where N, is the total number of reactions for which physical yields could be extracted in the
analysis (namely 121 from the extended data set). The reason for this particular notation will
be explained in due course.

It turned out that plots made by means of Equation 6.9 were not very useful because of the
asymmetric properties of ratios. A perfect agreement between a prediction and a measurement
will give a value of 1. Ratios larger than 1 will indicate overpredictions and ratios smaller than
1 will indicate underpredictions. However, overpredictions and underpredictions do not display
in a symmetric way. Underpredictions are always constrained between O and 1, while overpre-
dictions are unconstrained. This makes it difficult to interpret plots of yield ratios versus ID
numbers. Clearly, a way needed to be found to display overpredictions and underpredictions in
a way that treats them the same. Such a way is provided by “indicators of relative difference”,
of which there are various types. If z and y are numerical values that need to be compared, an

indicator of relative difference is any quantity H(z,y) which possesses the symmetry property,

namely H(z,y) = —H(y,z). One class of indicators of relative difference is defined below:
" oY 6.10
1(x3y) - M(l‘,y), ( . ]

where M(xz,y) is a mean value of z and y. This can be the arithmetic mean, geometric mean,
logarithmic mean, or any of many possible mean values that can be defined. Equation 6.10
will always result in a value of O if there is perfect agreement between a measurement and a
prediction. Overpredictions will always result in positive values of H; and underpredictions
will result in negative values. Overpredictions and underpredictions are now displayed in a

symmetric way around O and both are unconstrained. In the MSc thesis, the logarithmic mean
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was selected and results presented as the so-called “Log percentage difference” versus the
reaction ID number. The Log percentage differences, or L% values, are sometimes employed
in statistics because in addition to their “symmetry” properties they also have “homogeneity”
properties, which allow them to be used in certain algebras [ l.

While the above approach sufficed quite well to present our data (at least in our opinion),
it was found that many people are unfamiliar with L% values. It turned out to be somewhat
of a stumbling block when presenting our work, e.g. at conferences and seminars. A relatively
simple concept seemed to always require a good deal of explanation.

In order to avoid confusion, we decided to abandon the use of indicators of relative difference

in this thesis. Instead, we chose to use the logarithm of ratios, as follows:

Yoarc (i)

~ | 1 S 1 S NT. 6.11
Yexp(i) ( )

Hy(Yoare(i), Yexp(i)) = logyg
While ratios do not possess the symmetry property, one finds that the logarithm of ratios does:
Hy(z,y) = —Hz(y, x). Moreover, the logarithm to base 10 is widely familiar and results are easier

to interpret and present.

6.4.8 Effective cross sections and uncertainties

As already mentioned in Section 6.4, two sets of predicted physical yields were established,
one set based on cross sections from the TENDL-2019 library and the other set based on
corresponding values from the more recent TENDL-2021 library. Each of these sets contains
six subsets of results, one subset for each physics selection used in MCNP6 to calculate the
neutron flux. It also seemed useful to calculate the predicted average yields to reduce the
data. This was done separately for the TENDL-2019 and TENDL-2021 data sets. For each
isotope, the arithmetic mean of the 6 predicted yields was calculated, assuming they constitute
a discrete population of equal probability. The associated standard deviations were also calcu-
lated. These values have been designated the following notations: The predicted average (mean)
physical yield and its standard deviation are denoted by (Y)carc and Scarc, respectively. The
associated measured value is denoted by Ygxp and its statistical uncertainty by AYsrar.

The mean cross section for the formation of a particular radionuclide by neutron activation,
on, has already been introduced and is given by Equation 6.6. Within a TENDL data set, one
can again average these values over the 6 physics selections, a quantity that we will denote by
(@,). This symbol represents the “average predicted formation cross section” for a particular
radionuclide — averaged over all neutron energy groups (weighted by the neutron spectrum)
and averaged over the 6 physics selections, all six considered to be equally probable.

It is also interesting to renormalize the above average predicted cross sections to the experi-
mental values, assuming that the measurements better reflect reality than the predictions. For
all 121 reactions studied in this study, these “average normalized formation cross sections”

have been calculated as follows:

N ~ Yexp
(@) = <U’”>7<Y>CALC' (6.12)
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The uncertainty (Ac) associated with Equation 6.12 was calculated by summing the individ-
ual uncertainties in quadrature. These include the experimental statistical uncertainty arising
from the measured full-energy peak area (AYsrar), the Monte Carlo statistical uncertainty
associated with the neutron flux, estimated/assumed uncertainty in the beam current mea-
surement (6%), detector efficiency (3%), decay corrections (2%), sample mass (1%), and finally
the standard deviation arising from the 6 physics selections (Scarc). We adopted Scarc as
an uncertainty since it does represent a spread in predicted values, of which we calculated
the mean. In the case of the neutron flux, the statistical uncertainty introduced by the Monte
Carlo process is sub-percent for the majority of reactions.

To conclude, it should be mentioned that averages and standard deviations of the “Base-10
logarithms of the ratios between predicted and measured physical yields” were also calculated
for the 121 reactions observed. All the mathematical expressions presented in this chapter
have been coded in Fortran. These codes needed the output from the Monte Carlo simulations
as well as the raw data measured with the HPGe detector as input for further analysis. The final
results are predicted and measured physical yields of the observed radionuclides induced by
neutrons, as well as Base-10 logarithms of the ratios between predicted and measured physical

yields to facilitate an overall comparison between the predictions and the measurements.

6.5 RESULTS AND DISCUSSION

The decay data used to identify the radioactive residues produced in the neutron-activated
samples are first presented in Table 6.6, followed by the experimental results and predictions.

The predictive powers of the different physics selections are also discussed.

6.5.1 Neutron-induced activation products

A total of 121 neutron-induced reactions or processes were uniquely identified from the mea-
sured spectra of gamma-rays emitted by their activation products. Concerning the correspond-
ing predictions, processes with multiple channels to produce the final observed radionuclide
were considered as a sum of all contributing reaction channels, e.g. where a target element
with natural isotopic composition has more than one stable isotope. Care was also taken to
properly include contributions from precursor decay. To have confidence in the results, any
reaction with questionable identification was discarded, e.g. where a conflict was observed in
results from the different counting sessions or where there was a lack of sufficiently strong
photon emissions. Such cases, however, were relatively few. The observed reactions, their
assigned identification numbers and the decay data used for their identification are presented
in Table 6.6. The decay data were taken from NuDat 3.0 | 1.

Due to the relatively long bombardment times and fairly complex beam histories, there was
some concern about radionuclides with half-lives shorter than one day. Nevertheless, those
cases where at least two counting sessions produced a physical yield with reasonable statistics,
free of conflicts, were retained. At the other end of the scale, it was surprising to see 2°"Bi so
clearly, as its half-life is longer than 31 years. In cases where the half-life is in order of years,

an extra counting session was performed about four months after the bombardment.
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Table 6.6: Target nuclides, neutron-induced reactions and the decay data of observed residues used for
their identification and quantification.

Target ID Reaction Half-life ~-ray Intensity
(d) (keV) (%)

‘Be 1 “Be(n,3n)"Be 53.22 477.6035 10.44

23Na 2  28Na(n,2n)*’Na 950.287 1274.537 99.940

3 23Na(n,v)**Na 0.624875 1368.626 99.9936

natMg 4 "*Mgn,x)?Na  950.287  1274.537  99.940

5 "“tMg(n,x)24Na 0.624875 1368.626 99.9936

27A1 6 ?"Al(n,x)*’Na 950.287 1274.537 99.940

7 ?27Al(n,x)**Na 0.624875 1368.626 99.9936

nat Ty 8 "Tjn,x)*"Ca 4.536 1297.09 67.0

9 "9Tj(n,x)**"Sc 2.44208 271.241 86.7

10 ™*Ti(n,x)*5Sc 83.79 889.277 99.9840

11 "*Tin,x)*"Sc 3.3492 159.381 68.3

12 ™*'Ti(n,x)*8Sc 1.81958 983.526 100.0

55Mn 13  5Mn(n,x)*V 15.9735 983.525 99.98

14 %*Mn(n,x)*'Cr 27.704 320.0824 9.910

15 5%Mn(n,4n)°?Mn 5.591 744.233 90.0

16 5°Mn(n,2n)**Mn 312.20 834.848 99.9760

59Co 17 5%Co(n,x)*?Mn 5.591 1434.092 100.0

18 5%Co(n,x)**Mn 312.20 834.848 99.9760

19 *°Co(n,p)*°Fe 44.495 1099.245 56.5

20 %9Co(n,4n)**Co 77.236 846.770 99.9399

21 %Co(n,3n)°’Co 271.74 122.06065 85.60

22 59Co(n,2n)*8Co 70.86 810.7593 99.450

23  %9Co(n,v)%°Co 1925.28 1332.492 99.9826

natNj 24 "etNi(n,x)°'Cr 27.704 320.0824 9.910

25 "*Ni(n,x)*?Mn 5.591 1434.092 100.0

26 "*Ni(n,x)**Mn 312.20 834.848 99.9760

27 ™*'Ni(n,x)*°Fe 44.495 1099.245 56.5

28 MNi(n,x)*°Co 77.236 846.770 99.9399

29 "Ni(n,x)*"Co 271.74 122.06065 85.60

30 "™Ni(n,x)*8Co 70.86 810.7593 99.450

31 ™Nin,x)*°Co 1925.28 1332.492 99.9826

32 "9tNi(n,xn)°SNi 6.075 158.38 98.8

33 "Ni(n,xn)°"Ni 1.4833 1377.63 81.7

natZzn 34  "Zn(n,x)°®Co 70.86 810.7593 99.450

35 "Zn(n,x)%Cu 0.52919 1345.77 0.472

36 ™¥Znn,x)%Cu 2.57625 184.577 48.7

37 ™*Zn(n,x)%Zn 243.93 1115.539 50.04

38 "%Zn(n,x)%"Zn 0.57317 438.634 94.85

s[®Zn] 39 s[*Zn]n,x)%Cu  0.52919 1345.77 0.472

40 s[%Zn](n,x)%°Zn 243.93 1115.539 50.04

s["Zn] 41 s[%"Zn](n,x)%Cu 0.52919 1345.77 0.472
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Table 6.6: Target nuclides, neutron-induced reactions and the decay data of observed residues used for
their identification and quantification (continuing from previous page).

Target ID Reaction Half-life ~-ray Intensity
(d) (keV) (%)

s[®Zn] 42 s[°"Zn](n,x)%"Cu 2.57625 184.577 48.7

43 s[%Zn](n,x)%°Zn 243.93 1115.539 50.04

44  s[%®Zn](n,x)%"Cu 2.57625 184.577 48.7

45 s[%Zn](n,x)%Zn 243.93 1115.539 50.04

46 s[%®Zn](n,x)%9"Zn 0.57317 438.634 94.85

natBr 47 "Br(n,x)"°Se 119.78 264.6576 58.9

48 "Br(n,x)"*As 17.77 595.83 59.0

49 "Br(n,xn)”’Br 2.3765 238.98 23.1

50 3'Br(n,y)*Br 1.47008 776.517 83.4

natRh 51  ™%Rb(n,x)%?Br 1.47008 776.517 83.4

52 ™Rb(n,xn)*Rb 86.2 520.3991 45.0

53 "*Rb(n,xn)**Rb 32.82 881.6041 68.9

54 ™*Rb(n,x)*°Rb 18.642 1077.0 8.64

89y 55 #Y(n,x)*3Rb 86.2 520.3991 45.0

56 39Y(n,x)®Rb 32.82 881.6041 68.9

57 3Y(n,x)%Rb 18.642 1077.0 8.64

58 89Y(n,4n)%y 0.614167 1076.63 82.5

59 89Y(n,3n)®Y 3.325 484.805 89.8

60 ®Y(n,3n)’"Y 0.55708 380.79 78.05

61 89Y(n,2n)%’Y 106.627 898.042 93.7

93Nb 62 9Nb(n,x)®Y 3.325 484.805 89.8

63 ?3Nb(n,x)3%Y 106.627 898.042 93.7

64 9Nb(n,x)%Zr 3.26708 909.15 99.04

65 9Nb(n,4n)°Nb 0.60833 1129.224 92.7

66 ?3Nb(n,3n)’'Nb 60.86 1204.67 2.0

67 93Nb(n,2n)°?"Nb 10.15 934.44 99.15

103Rh 68 '93Rh(n,x)?Tc 4.28 778.22 99.760

69 'Rh(n,p)!’Ru 39.247 497.085 91.0

70 193Rh(n,5n)"YRh 16.1 353.05 34.5

71 193Rh(n,4n)'°°Rh 0.8667 539.512 80.6

72 '9Rh(n,3n)!°YRh 1205.3 127.226 68.0

73 193Rh(n,3n)'°'Rh 4.34 306.857 81.0

74 193Rh(n,2n)!°29Rh 207.3 468.58 2.90

75 193Rh(n,2n)'°?”Rh 1366.77 631.29 56.0

natpAg 76 "“tAg(n,x)l%Rh 1.4733 318.9 19.1

77 ”atAg(n,Xl’l)l%Ag 41.29 344.52 41.4

78  malAg(n,xn)'%mAg 8.28  1045.83 29.6

79 19Ag(n,)!0mAg 249.83 657.7600  95.61

natlpn 80 ”atln(n,x)uomAg 249.83 657.7600 95.61

81 YIn(n,p)t**™Cd 44.56 933.838 2.0
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Table 6.6: Target nuclides, neutron-induced reactions and the decay data of observed residues used for
their identification and quantification (continuing from previous page).

Target ID Reaction Half-life ~y-ray Intensity
(d) (keV) (%)

natip 82 mIn(n,xn)'''In 2.8047 245.35 94.1

83 ™In(n,x)'*"In 49.51 190.27 15.56

1271 84 27I(n,x)'?9"Sb 5.76 1171.7 100.0

85 27](n,x)'??Sh 2.7238 564.24 70.67

86 '27I(n,x)'?*Sb 60.20 602.7260 97.8

87 1?27I(n,x)'?*™Te 119.2 159.00 84.0

88 1%27I(n,5n)'21 0.550979 158.97 83.3

89 27I(n,4n)'*I 4.1760 602.73 62.9

90 '?"I(n,2n)'?%1 12.93 388.633 35.6

133Cs 91 133Cs(n,5n)'?°Cs 1.33583 371.918 30.6

92 133Cs(n,2n)'*?Cs 6.480 667.714 97.59

93 133Cs(n,y)!3*Cs 754.314 604.721 97.62

H41py 94 lPr(n,x)'3°Ce 137.641 165.8575 80.0

95 4Pr(n,p)'*'Ce 32.511 145.4433 48.4

96 '“!'Pr(n,y)'*?Pr 0.7967 1575.6 3.7

natGd 97 "*Gd(n,x)'*Eu 15.19 811.77 9.7

98 n"eGd(n,x)'*"Eu 0.6325 410.723 17.8

99 "Gd(n,xn)'®'Gd 123.9 174.70 2.96

100 "™**Gd(n,x)'*3Gd 240.4 103.18012 21.1

101 "*Gd(n,x)'*°Gd 0.76996  363.5430 11.78

102 '°Gd(n,)'6'Gd —'¢'Tb 6.89 74.56669 10.2

9Tm 103 1%9Tm(n,5n)'%°Tm 1.2525 242.917 35.5

104 '°Tm(n,3n)'%"Tm 9.25 531.54 1.61

105 '°Tm(n,2n)'%Tm 93.1 815.989 50.95

18lTa 106 18'Ta(n,p)'8'Hf 42.39 482.18 80.5

107 1'8'Ta(n,5n)!""Ta 2.3567 112.9 7.2

108 '3'Ta(n,)'¥2Ta 114.74 1121.290 35.24

B7Au 109 Y97Au(n,x)'??Ir 73.829 316.50618 82.86

110 "7Au(n,4n)'**Au 1.58417 328.464 60.4

111 7Au(n,3n)'*Au 186.01 98.857 11.21

112 Y97Au(n,2n)'%Au 6.1669 355.73 87.0

113  97Au(n,)'**9Au 2.6941 411.80205 95.62

natT] 114 "atT](n,x)203Hg 46.594 279.1952 81.56

115 ™%Tl(n,xn)2°°T1 1.0875 367.942 87.0

116  "**Tl(n,xn)%°'T1 3.0421 167.43 10.00

117 ™**Tl(n,xn)?°?T1 12.31 439.510 91.5

29Bi 118 299Bi(n,6n)%**Bi 0.4675 899.15 99.0

119 2%9Bi(n,5n)%%°Bi 15.31 703.45 31.1

120 2%9Bi(n,4n)?°°Bi 6.243 803.10 99.0

121 299Bi(n,3n)?°"Bi 11523.6 569.698 97.75
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6.5.2 Sensitivity to multigroup structure

As described in Section 6.4, group-averaged cross sections were determined for all the neutron
energy groups of the extended LaBauve multigroup structure employed in this work. For this
purpose an interpolation scheme was required to convert the pointwise TENDL cross sections
to group-averaged cross sections. Physical yield predictions were made using different inter-
polation schemes. Table 6.7 shows some results of this investigation for an arbitrary selected
capture reaction and threshold reaction on the same target nucleus, namely **Na(n,v)?*Na and
23Na(n,2n)?2Na, respectively. Also shown are upper and lower yield limits based on the max-
imum and minimum cross-section values within each group, respectively, as provided by the
cubic spline fits of the excitation functions of the selected reactions (see Subsection 6.4.2).

These excitation functions, as represented by the cubic spline fits, are shown in Figure 6.8.

Table 6.7: Physical yields for a capture reaction and a threshold reaction, utilizing different interpolation
strategies to determine group-averaged cross sections from the pointwise TENDL-2021 data.
Upper and lower limits are also shown, determined from the minimum and maximum cross-
section values in the individual groups.

Method* Physical yield (Bq pAh—t g—1)

2Na(n,y)**Na ?*Na(n,2n)?’Na

Newton-Cotes of degree 1 2953.73 32.92
Newton-Cotes of degree 2 2791.54 32.91
Newton-Cotes of degree 3 2776.11 32.91
Newton-Cotes of degree 4 2758.86 32.91
Weighted average (Eq. 6.1) 2767.67 32.91
Lower limit based on group minimum values 2474.08 31.34
Upper limit based on group maximum values 3435.35 34.51

“Neutron spectrum according to CEM physics selection in MCNP6 version 6.2

In the case of the ?*Na(n,2n)?>Na reaction there was no sensitivity observed to the choice
of interpolation method, which was found for all threshold reactions. An explanation for this
insensitivity is because the 1 MeV width of the neutron groups above 1 MeV is sufficiently
narrow to avoid any significant fluctuations (or slope variations) of the excitation function
within individual groups. In contrast, some groups below 1 MeV are quite wide with respect to
their respective scales, therefore one would expect capture reactions to show more sensitivity
to both the choice of multigroup scheme as well as the interpolation method. Table 6.7 shows
that this is indeed the case for the *Na(n,v)?*Na reaction. Nevertheless, the results from the
different interpolation methods are still quite similar. The adopted practice to use Newton-
Cotes of degree 4 above 1 MeV and weighted averages below 1 MeV seems to be well justified.

It is also interesting to compare the upper and lower yield limits for the two above reactions.
In the case of the ?3Na(n,2n)*’Na reaction the upper limit is only about 10% higher than the
lower limit, with all the interpolation methods yielding values close to mid-way between them.
In the case of the ?*Na(n,y)?*Na reaction the upper limit is about 39% above the lower limit,

with the interpolated values only slightly higher than the mid-way point between them. One can
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conclude that the extended LaBauve multigroup structure seems to be appropriate for making

predictions of physical yields for both capture and threshold neutron-induced reactions.
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Figure 6.8: Excitation functions of the **Na(n,2n)?>’Na and ?’Na(n,7)?*Na reactions. The curves are cubic
spline fits through the relevant pointwise data from the TENDL-2021 library. LEFT: Logarithmic scale on
x-axis. RIGHT: Linear scale on x-axis.

Figure 6.8 provides some insight into the reasons why we were concerned about the energy
region below 1 MeV in the multigroup scheme. A logarithmic scale on the x-axis reveals large
cross sections towards lower energies in the case of the capture reaction, which is not evident
on a linear scale. Relatively few LaBauve neutron groups cover many orders of magnitude in
energy, in contrast to the region above 1 MeV which is well covered by groups of 1 MeV width.

The 1/F relationship of the capture cross section is only revealed on the logarithmic scale.

6.5.3 Physical yields and yield ratios

The predicted physical yields of radionuclides produced via the selected 121 neutron-induced
reactions, based on cross sections from the TENDL-2019 and TENDL-2021 libraries, for each of
the six different physics selections in the MCNP6 code system employed to obtain the neutron
flux, are considered too numerous to present in the body of the thesis. These values are
therefore presented in Appendix C (based on TENDL-2019 data) and Appendix D (based on
TENDL-2021 data). Their numerical averages and standard deviations, however, are presented
in Table 6.8, together with the corresponding experimental data (see Subsection 6.4.8 for a
description of symbols). Also included in Table 6.8 are the effective cross sections — evaluated
using Equation 6.12 — as well as their uncertainties.

Values for the experimental yield of a specific radionuclide could normally be determined
from ~-ray spectra acquired in more than one counting session. The value obtained from
the counting session that yielded the best counting statistics in each case (i.e. the smallest

statistical uncertainty) has been included in Table 6.8.
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Table 6.8: Predicted average physical yields (TENDL-2019 + MCNP6) as well as corresponding measure-
ments and associated cross sections.

Physical yield Cross section
(Bq pAh~! g~ 1) (mb)
ID Reaction (Y)caLc ScaLc Yexp AYsTaT (7) + (Ao)
1 9Be(n,3n)"Be 42.55 6.24 22.53 0.22 0.215 £+ 0.035
2 *Na(n,2n)?’Na 41.19 9.79 23.81 0.31 10.33 + 2.56
3 *Na(n,y)?'Na 2878.34 345.77  7177.74 259.56 2.05 + 0.30
4 ntMg(n,x)*? Na 9.50 1.53 3.47 0.01 1.60 + 0.28
5 naMg(n,x)**Na  70654.58 12892.54 42526.10 284.42 12.83 £ 2.51
6 27Al(n,x)*>Na 1.03 0.14 1.22 0.00 0.626 + 0.097
7  %7Al(n,x)*'Na 40653.98 7705.85 23142.84 88.46 7.75 + 1.57
8 nTi(n,x)*"Ca 29.88 6.59 22.86 1.61 0.0986 + 0.0239
9 nalTi(n,x)**™Sc 166.88 25.03 109.36 4.18 0.255 + 0.043
10 "Ti(n,x)**Sc 199.43 34.06 102.45 0.36 8.18 £ 1.51
11  "*Ti(n,x)*"Sc 8018.87 1717.49  3851.23 9.86 12.27 £ 2.76
12 "'Ti(n,x)*®Sc 3841.79 803.71  2325.18 22.65 4.02 £ 0.89
13 5°Mn(n,x)**V 0.27 0.02 1.09 0.16 0.0192 £+ 0.0034
14 5Mn(n,x)*'Cr 12.07 0.63 5.09 0.41 0.155 £+ 0.018
15 5°Mn(n,4n)*>Mn 213.58 24.12 90.72 0.54 0.556 + 0.074
16 5°Mn(n,2n)**Mn 300.56 71.95 191.73 0.15 65.29 £+ 16.28
17 %°Co(n,x)*?Mn 0.55 0.04 0.80 0.13 0.0053 £+ 0.0010
18 9Co(n,x)**Mn 7.61 1.34 7.60 0.08 2.79 £ 0.53
19 %%Co(n,p)*?Fe 166.45 29.27 136.03 0.27 7.09 + 1.34
20 59Co(n,4n)**Co 14.96 1.74 7.75 0.09 0.704 £+ 0.096
21 59Co(n,3n)*"Co 81.43 17.65 51.94 0.07 16.54 £ 3.77
22  *°Co(n,2n)*®Co 1206.14 287.32 855.64 0.32 70.94 + 17.61
23  *°Co(n,y)%Co 22.86 3.07 72.69 0.11 164.32 £ 24.91
24 "4Ni(n,x)°!Cr 1.55 0.27 5.48 1.24 0.178 £+ 0.052
25 "Ni(n,x)*?Mn 19.27 1.20 15.81 0.27 0.104 £+ 0.010
26 "'Ni(n,x)**Mn 6.22 1.40 6.25 0.06 2.28 £ 0.54
27 "Ni(n,x)*°Fe 4.06 0.89 3.25 0.11 0.168 £+ 0.039
28 "4Ni(n,x)**Co 104.31 20.19 70.70 0.12 6.38 + 1.31
29 "Ni(n,x)°"Co 256.70 60.17 154.69 0.11 48.10 £ 11.99
30 "Ni(n,x)**Co 1297.05 131.65 1123.45 0.43 93.03 £ 11.47
31 "™Ni(n,x)°Co 2.41 0.44 3.89 0.05 8.74 £1.72
32 "Ni(n,xn)%Ni 21.91 3.75 14.07 0.61 0.100 £+ 0.019
33 "4Ni(n,xn)*"Ni 3762.52 874.90 2686.46 15.69 4.78 £ 1.16
34 "™Zn(n,x)%Co 1.96 0.14 3.13 0.17 0.284 + 0.032
35 mZn(n,x)%Cu  48895.09 4858.55 38030.57 925.73 25.70 £ 3.19
36 "*Zn(n,x)5"Cu 747.79 168.63 467.33 1.53 1.62 + 0.38
37 "Zn(n,x)%Zn 116.96 22.32 96.16 0.77 30.60 £ 6.22
38 "Zn(n,x)%"Zn 1125.52 177.14 1067.09 7.28 0.84 £ 0.15
39 s[%Zn](n,x)*Cu 17626.05 3168.45 13128.09 409.72 9.11 £ 1.78
40 s[%Zn](n,x)%Zn 301.25 71.96 187.17 0.76 59.77 + 14.88
41  s["Zn](n,x)%*Cu  7547.02 847.75  3584.75 605.00 2.51 £ 0.54
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Table 6.8: Predicted average physical yields (TENDL-2019 + MCNP6) as well as corresponding measure-
ments and associated cross sections (continuing from previous page).

Physical yield Cross section
(Bq pAh~! g1) (mb)

ID Reaction (Y)caLc ScaLc Yexp AYsTAT (o) + (Ao)

42 s[%"Zn](n,x)%"Cu 2231.91 452.67 1081.07 2.54 3.71 £ 0.80
43  s[5"Zn](n,x)%Zn 115.66 26.16 70.21 0.76 22.76 £ 5.39
44 s[%¥Zn](n,x)%"Cu 3498.48 803.21 2335.96 3.91 8.12 £ 1.95
45 s[%®Zn](n,x)%°Zn 24.76 3.45 17.63 0.37 5.82 + 0.92
46  s[®*Zn](n,x)%°™Zn 2998.60 265.27  3094.32 15.62 2.42 + 0.27
47 "4Br(n,x)"°Se 1.88 0.11 0.86 0.29 0.164 + 0.058
48 "'Br(n,x)"*As 29.85 5.12 29.10 0.76 0.82 £ 0.15
49 n"'Br(n,xn)""Br 5891.10 1277.88  3223.99 90.15 12.17 £ 2.79
50 3!'Br(n,y)%’Br 38911.60 6181.89 84363.84 319.85 197.34 + 34.27
51 "4'Rb(n,x)*’Br 702.60 138.16 300.75 10.61 0.75 + 0.16
52 "4Rb(n,xn)*Rb 220.90 48.88 203.30 0.46 29.77 £ 6.91
53 "'Rb(n,xn)*'Rb 1710.76  402.35 1344.75 0.96 74.90 £+ 18.38
54 "%*Rb(n,x)*Rb 2756.03  448.38  3173.59 5.22 100.55 £+ 17.81
55 %9Y(n,x)%*Rb 2.61 0.17 1.23 0.11 0.188 + 0.025
56 %9Y(n,x)%Rb 28.09 4.20 14.89 0.36 0.87 +£0.14
57 %9Y(n,x)%°Rb 66.72 15.14 25.33 3.38 0.83 + 0.23
58 89Y(n,4n)*Y 5648.57 630.82  4040.72 219.38 4.40 £ 0.63
59 89Y(n,3n)*"Y 7772.82 1681.36  5956.05 12.05 35.00 £+ 7.96
60 %Y(n,3n)®*""Y 33056.08 7097.67 23104.23 429.87 22.75 £ 5.16
61 %Y(n,2n)*Y 676.39 164.73 457.41 0.52 86.08 + 21.81
62 %Nb(n,x)?"Y 46.67 3.92 96.12 2.35 0.59 + 0.06
63  93Nb(n,x)*¥Y 6.48 1.11 9.14 0.09 1.80 +£ 0.33
64 9Nb(n,x)*Zr 113.16 6.71 157.24 1.44 0.955 £+ 0.088
65 %Nb(n,4n)’°Nb 6760.63 922.35 7175.02 75.49 8.09 + 1.24
66 %Nb(n,3n)°'"Nb 87.93 19.75 63.71 1.86 7.16 £ 1.70
67 %Nb(n,2n)°?"Nb 2466.72  553.50 1880.49 1.12 35.21 + 8.28
68 193Rh(n,x)?Tc 108.37 5.93 27.27 0.29 0.241 £+ 0.022
69 19Rh(n,p)!®*Ru 56.08 10.01 25.81 0.22 2.07 £ 0.40
70 193Rh(n,5n)*?Rh 19.48 1.64 10.34 0.31 0.342 + 0.039
71 1'93Rh(n,4n)!°°Rh 3003.63 516.60 5854.79 12.27 10.40 + 1.93
72 193Rh(n,3n)!°YRh 4.66 1.16 4.24 0.13 10.45 £ 2.72
73 19Rh(n,3n)!'mRh  4840.37 1190.35 3843.71 1.90 34.09 £ 8.72
74 193Rh(n,2n)!°29Rh 143.29 32.52 138.80 0.98 58.79 £+ 13.97
75 193Rh(n,2n)!?"Rh 23.65 5.54 93.39 0.18 260.78 + 63.73
76 "9Ag(n,x)!%Rh 449.46 100.46 854.91 112.52 2.70 £ 0.73
77 "Ag(n,xn)'%Ag 425.27 97.29 288.04 0.52 25.49 £ 6.10
78 "itAg(n,xn)l%mAg 2192.05 496.20 1593.24 3.21 28.26 £ 6.70
79 19Ag(n,~)!10mAg 34.74 4.24 113.20 0.25 60.78 £+ 8.53
80 "In(n,x)''"Ag 1.47 0.26 0.73 0.03 0.418 £+ 0.082
81 5In(n,p)!5"Cd 24.03 5.51 9.58 0.84 0.97 + 0.25
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Table 6.8: Predicted average physical yields (TENDL-2019 + MCNP6) as well as corresponding measure-
ments and associated cross sections (continuing from previous page).

Physical yield Cross section
(Bq pAh~! g1 (mb)
ID Reaction (Y)caLc ScaLc Yixp AYsTaT (o) + (Ao)
82 "4In(n,xn)!''In 558.86 113.94 746.55 2.34 4.78 + 1.03
83 maIn(n,x)!*"In 1313.71 272.14 1100.08 0.70 124.21 £+ 27.16
84 127](n,x)!1?""Sb 2.94 0.16 1.98 0.05 0.0290 + 0.0027
85 27(n,x)!'??Sb 163.38 28.30 49.77 8.23 0.343 £ 0.085
86 ?"I(n,x)'?'Sb 10.65 2.17 1.70 0.02 0.259 £ 0.056
87 12I(n,x)!23™mTe 7.24 0.49 1.98 0.05 0.600 £ 0.060
88 127I(n,5n)'%1 5644.75 499.02 2821.89 162.73 3.94 + 0.50
89 127(n,4n)'*1 3017.31 525.12  2074.24 3.21 21.89 £ 4.11
90 127I(n,2n)'?I 4897.82 1131.52  3524.25 1.74 114.82 + 27.72
91 !33Cs(n,5n)'*Cs 1956.16 181.77 1427.20 193.97 5.06 + 0.91
92 133Cs(n,2n)'32Cs 10141.42 2324.31 6197.98 3.43 105.98 £+ 25.40
93 133Cs(n,y)'3*Cs 187.19 25.28 281.50 0.25 562.16 + 85.52
94 141Pr(n,x)'3°Ce 242.51 56.86 168.37 0.13 64.87 £ 15.87
95 4!Pr(n,p)t*'Ce 34.20 7.88 13.90 0.14 1.26 + 0.30
96 'Pr(n,y)'*?Pr 23782.82 3401.87 46179.77 913.85 103.31 £+ 16.58
97 "Gd(n,x)'*°Eu 57.82 10.99 53.46 1.20 2.54 + 0.52
98 "Gd(n,x)*"Eu 1410.40 269.53 3164.81 251.38 6.26 + 1.37
99 n'Gd(n,xn)'*'Gd 7.39 1.07 11.62 1.59 4.51 £ 0.95
100 "*Gd(n,x)'53Gd 51.64 7.90 39.15 0.82 29.45 £ 4.99
101 "Gd(n,x)'"°Gd 33388.38 4508.88 36248.00 94.08 87.29 £ 13.28
102 169Gd(n,)'Gd
161Gd—1%1Tb 2228.07  321.09 1940.21 22.51 41.87 £ 6.73
103 1Tm(n,5n)'Tm  5409.16 700.06 2582.15 5.98 10.90 + 1.60
104 19Tm(n,3n)'Tm  3920.42 962.56 2923.23 18.64 90.70 £+ 23.16
105 1%9Tm(n,2n)'*Tm 654.10 139.41 435.92 0.39 136.16 £+ 30.55
106 '¥1Ta(n,p)'8*Hf 10.98 2.51 4.51 0.31 0.69 £ 0.17
107 '¥1Ta(n,5n)!""Ta 4786.74 752.50 3281.67 47.79 27.88 + 4.82
108 1'8Ta(n,y)'?Ta 2071.30 275.01 2351.63 9.05 972.48 £+ 146.01
109 17Au(n,x)'9%Ir 1.91 0.32 0.64 0.12 0.184 £+ 0.048
110 '9"Au(n,4n)!**Au 10432.12 2263.86 7071.54 40.49 43.87 £ 10.01
111 ¥7Au(n,3n)!?Au 182.81 46.09 52.17 1.00 37.94 £ 9.95
112 1¥7Au(n,2n)'%°Au 8124.29 1734.07 5867.86 2.52 141.54 £+ 31.79
113 1Y7Au(n,7)'®*9Au  52732.34 6888.72 90171.43 36.47 953.45 + 141.31
114 "Tl(n,x)**3Hg 21.95 4.15 9.13 0.10 1.73 £ 0.35
115 "*Tl(n,xn)?°°T1 4090.04 599.77 2897.74 17.57 12.84 +£ 2.09
116 "4Tl(n,xn)?°1Tl 4100.10 804.29 2537.86 20.40 31.39 £ 6.54
117  "%Tl(n,xn)?°?Tl 2409.37 518.75 1305.70 0.68 65.27 + 14.78
118 29Bi(n,6n)?"Bi 4166.88 237.26 1081.13 83.81 2.11 £ 0.25
119 2%9Bi(n,5n)?**Bi 610.33 82.28 210.97 0.52 13.46 + 2.05
120 2%9Bi(n,4n)?"°Bi 3109.73 671.48 1396.62 1.55 36.23 £ 8.22
121 2%Bi(n,3n)*"Bi 2.92 0.74 5.28 0.02 252.29 + 66.22
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Table 6.9: Predicted average physical yields (TENDL-2021 + MCNP6) as well as corresponding measure-
ments and associated cross sections.

Physical yield Cross section
(Bq pAh~! g~ 1) (mb)
ID Reaction (Y)caLc ScaLc Yexp AYsTaT (7) + (Ao)
1 9Be(n,3n)"Be 42.55 6.24 22.53 0.22 0.215 £+ 0.035
2 *Na(n,2n)?’Na 41.70 9.92 23.81 0.31 10.33 + 2.56
3 *Na(n,y)?'Na 3131.00 362.13 7177.74 259.56 2.05 + 0.29
4 natMg(n,x)??Na 9.14 1.45 3.47 0.01 1.60 + 0.28
5 naMg(n,x)**Na  70644.94 12905.94 42526.10 284.42 12.83 £ 2.51
6 27Al(n,x)*>Na 1.03 0.14 1.22 0.00 0.626 + 0.097
7  %7Al(n,x)*'Na 40653.98 7705.85 23142.84 88.46 7.75 + 1.57
8 nTi(n,x)*"Ca 29.14 6.40 22.86 1.61 0.099 + 0.024
9 nalTj(n,x)**™Sc 144.13 23.52 109.36 4.18 0.255 + 0.046
10 "Ti(n,x)**Sc 188.89 31.74 102.45 0.36 8.18 £ 1.49
11  "*Ti(n,x)*"Sc 8013.54 1705.55  3851.23 9.86 12.27 £ 2.75
12 "'Ti(n,x)*®Sc 3977.85 839.02  2325.18 22.65 4.02 £ 0.89
13 5°Mn(n,x)**V 0.15 0.01 1.09 0.16 0.0192 £+ 0.0034
14 5Mn(n,x)*'Cr 10.07 0.52 5.09 0.41 0.155 £+ 0.018
15 5°Mn(n,4n)*>Mn 197.74 21.49 90.72 0.54 0.556 + 0.072
16 5°Mn(n,2n)**Mn 298.99 71.65 191.73 0.15 65.29 £+ 16.30
17 %°Co(n,x)*?Mn 0.32 0.02 0.80 0.13 0.0053 £+ 0.0010
18 9Co(n,x)**Mn 7.78 1.35 7.60 0.08 2.79 + 0.52
19 %%Co(n,p)*?Fe 165.83 29.13 136.03 0.27 7.09 + 1.34
20 59Co(n,4n)**Co 13.38 1.50 7.75 0.09 0.705 £+ 0.094
21 59Co(n,3n)*"Co 80.88 17.47 51.94 0.07 16.54 £+ 3.76
22  *°Co(n,2n)*®Co 1202.36 286.80 855.64 0.32 70.94 + 17.64
23  *°Co(n,y)%Co 22.60 3.06 72.69 0.11 164.32 £+ 25.06
24 "4Ni(n,x)°!Cr 1.44 0.25 5.48 1.24 0.178 £+ 0.052
25 "Ni(n,x)*?Mn 14.18 0.83 15.81 0.27 0.1038 £+ 0.0097
26 "'Ni(n,x)**Mn 5.93 1.33 6.25 0.06 2.28 £ 0.54
27 "Ni(n,x)*Fe 3.50 0.75 3.25 0.11 0.169 £+ 0.038
28 "4Ni(n,x)**Co 101.46 19.30 70.70 0.12 6.38 + 1.29
29 "Ni(n,x)°"Co 259.10 60.67 154.69 0.11 49.00 £ 11.97
30 "Ni(n,x)**Co 1288.87 130.77  1123.45 0.43 93.03 £ 11.47
31 ™Ni(n,x)°Co 2.35 0.43 3.89 0.05 8.74 £1.72
32 "Ni(n,xn)%Ni 22.18 3.73 14.07 0.61 0.0999 + 0.0187
33 "4Ni(n,xn)*"Ni 3923.39 910.94 2686.46 15.69 4.78 £ 1.16
34 "™Zn(n,x)%Co 1.93 0.13 3.13 0.17 0.284 + 0.032
35 mZn(n,x)%Cu  48311.06 4793.13 38030.57 925.73 25.70 £+ 3.18
36 "*Zn(n,x)%"Cu 772.94 173.56 467.33 1.53 1.62 + 0.38
37 "Zn(n,x)%Zn 112.82 21.94 96.16 0.77 30.61 £+ 6.33
38 "Zn(n,x)%"Zn 989.59 156.60  1067.09 7.28 0.84 £ 0.15
39 s[%Zn](n,x)*Cu 17241.48 3053.74 13128.09 409.72 9.11 +£ 1.76
40 s[%Zn](n,x)%Zn 297.39 70.97 187.17 0.76 59.77 + 14.87
41  s["Zn](n,x)%*Cu  7242.09 793.14  3584.75 605.00 2.51 £ 0.53
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Table 6.9: Predicted average physical yields (TENDL-2021 + MCNP6) as well as corresponding measure-
ments and associated cross sections (continuing from previous page).

Physical yield Cross section
(Bq pAh~! g1) (mb)

ID Reaction (Y)caLc ScaLc Yexp AYsTAT (o) + (Ao)

42 s[%"Zn](n,x)%"Cu 2479.00 505.50 1081.07 2.54 3.71 £ 0.80
43  s[5"Zn](n,x)%Zn 110.54 24.75 70.21 0.76 22.76 £ 5.34
44 s[%¥Zn](n,x)%"Cu 3577.18 817.75  2335.96 3.91 8.12 +£ 1.94
45  s[®Zn](n,x)%Zn 22.03 2.98 17.63 0.37 5.82 £ 0.89
46  s[®*Zn](n,x)%°™Zn 2616.21 232.61  3094.32 15.62 2.42 + 0.27
47 "4Br(n,x)"°Se 1.35 0.07 0.86 0.29 0.164 + 0.058
48 "'Br(n,x)"*As 36.80 6.42 29.10 0.76 0.82 £ 0.16
49 n"'Br(n,xn)""Br 5623.25 1208.28  3223.99 90.15 12.17 £ 2.77
50 3!'Br(n,y)%’Br 39271.20 6207.04 84363.84 319.85 197.35 + 34.12
51 "4'Rb(n,x)*’Br 737.39 144.14 300.75 10.61 0.75 £ 0.16
52 "4Rb(n,xn)*Rb 215.66 47.16 203.30 0.46 29.77 £ 6.84
53 "'Rb(n,xn)*'Rb 1707.07  402.32 1344.75 0.96 74.90 £ 18.41
54 "%*Rb(n,x)*Rb 2758.08 449.46  3173.59 5.22 100.55 + 17.83
55 %9Y(n,x)%*Rb 2.46 0.15 1.23 0.11 0.188 + 0.025
56 %9Y(n,x)%Rb 28.82 4.23 14.89 0.36 0.87 +£0.14
57 %9Y(n,x)%°Rb 66.92 15.18 25.33 3.38 0.83 £0.23
58 89Y(n,4n)*Y 5049.98 532.47 4040.72 219.38 4.41 £ 0.61
59 89Y(n,3n)*"Y 7693.65 1645.76  5956.05 12.05 35.01 £ 7.88
60 %Y(n,3n)®*""Y 33932.66 7207.86 23104.23 429.87 22.75 £ 5.11
61 %Y(n,2n)*Y 676.46 165.03 457.41 0.52 86.08 £ 21.85
62 %Nb(n,x)?"Y 48.16 3.91 96.12 2.35 0.593 £+ 0.065
63  93Nb(n,x)*¥Y 6.90 1.18 9.14 0.09 1.80 +£ 0.33
64 9Nb(n,x)*Zr 98.40 5.59 157.24 1.44 0.955 £+ 0.087
65 %Nb(n,4n)’°Nb 6235.39 821.78 7175.02 75.49 8.09 + 1.21
66 %Nb(n,3n)°'"Nb 112.04 24.75 63.71 1.86 7.16 + 1.67
67 %Nb(n,2n)°?"Nb 2833.30 642.12 1880.49 1.12 35.21 £ 8.35
68 193Rh(n,x)?Tc 70.41 4.05 27.27 0.29 0.241 £+ 0.022
69 19Rh(n,p)!®*Ru 54.80 9.68 25.81 0.22 2.07 £ 0.39
70 193Rh(n,5n)*?Rh 12.26 0.87 10.34 0.31 0.342 £+ 0.036
71 1'93Rh(n,4n)!°°Rh 6501.27 1607.64  5854.79 12.27 10.37 + 2.66
72 193Rh(n,3n)!°YRh 4.67 1.16 4.24 0.13 10.45 + 2.71
73 19Rh(n,3n)!'™Rh  5461.39 1331.36 3843.71 1.90 34.09 £ 8.65
74 193Rh(n,2n)!°29Rh 148.01 33.72 138.80 0.98 58.79 £+ 14.02
75 193Rh(n,2n)!?"Rh 23.18 5.44 93.39 0.18 260.77 + 63.90
76 "9Ag(n,x)!%Rh 1285.51  309.07 854.91 112.52 2.70 £ 0.76
77 "Ag(n,xn)'%Ag 430.84 101.91 288.04 0.52 25.48 £ 6.29
78 "itAg(n,xn)l%mAg 2041.79  457.26 1593.24 3.21 28.27 £+ 6.63
79 19Ag(n,~)!10mAg 43.92 5.63 113.20 0.25 60.77 £+ 8.87
80 "In(n,x)''"Ag 1.96 0.34 0.73 0.03 0.418 £+ 0.081
81 5In(n,p)!5"Cd 17.69 4.11 9.58 0.84 0.97 £ 0.25
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Table 6.9: Predicted average physical yields (TENDL-2021 + MCNP6) as well as corresponding measure-
ments and associated cross sections (continuing from previous page).

Physical yield Cross section
(Bq pAh~! g1 (mb)
ID Reaction (Y)caLc ScaLc Yixp AYsTaT (o) + (Ao)
82 "4In(n,xn)!''In 519.73 108.79 746.55 2.34 4.78 + 1.06
83 maIn(n,x)!*"In 1311.48 271.21 1100.08 0.70 124.21 £+ 27.12
84 127](n,x)!1?""Sb 2.03 0.12 1.98 0.05 0.0290 + 0.0028
85 27(n,x)!'??Sb 167.82 28.63 49.77 8.23 0.343 £ 0.085
86 ?"I(n,x)'?'Sb 10.47 2.14 1.70 0.02 0.259 + 0.056
87 12I(n,x)!23™mTe 3.16 0.20 1.98 0.05 0.600 £ 0.059
88 127I(n,5n)'%1 374292 266.65 2821.89 162.73 3.95 + 0.46
89 127(n,4n)'*1 2850.54 464.24 2074.24 3.21 21.90 £ 3.88
90 '2?"I(n,2n)'?%1 4978.98 1155.30 3524.25 1.74 114.82 £ 27.83
91 !33Cs(n,5n)'*Cs 1358.35 103.63 1427.20 193.97 5.07 + 0.87
92 133Cs(n,2n)'32Cs 10229.90 2354.11 6197.98 3.43 105.97 £ 25.49
93 133Cs(n,y)'3*Cs 187.16 25.33 281.50 0.25 562.15 + 85.66
94 141Pr(n,x)'3°Ce 246.58 57.39 168.37 0.13 64.87 £ 15.77
95 4!Pr(n,p)t*'Ce 33.76 7.78 13.90 0.14 1.26 + 0.30
96 'Pr(n,y)'*?Pr 29010.63 4098.45 46179.77 913.85 103.31 £ 16.42
97 "Gd(n,x)'*°Eu 61.40 11.69 53.46 1.20 2.54 + 0.52
98 "Gd(n,x)*"Eu 1494.53 286.56 3164.81 251.38 6.26 + 1.37
99 n'Gd(n,xn)'*'Gd 5.78 0.87 11.62 1.59 4.51 £ 0.97
100 "*Gd(n,x)'53Gd 48.30 7.29 39.15 0.82 29.45 £ 4.94
101  "Gd(n,x)'*°Gd 33853.76 4572.63 36248.00 94.08 87.29 + 13.28
102 169Gd(n,)'Gd
161Gd—1%1Tb 2806.86  396.07 1940.21 22.51 41.87 +£ 6.61
103 1%Tm(n,5n)'%Tm  4236.04 458.50 2582.15 5.98 10.91 + 1.41
104 19Tm(n,3n)'Tm  3983.61 972.97 2923.23 18.64 90.70 £+ 23.05
105 1%9Tm(n,2n)'*Tm 659.00 141.94 435.92 0.39 136.15 £+ 30.83
106 '¥1Ta(n,p)'8*Hf 10.90 2.50 4.51 0.31 0.69 £ 0.17
107 '¥1Ta(n,5n)!""Ta 4294.72 591.07 3281.67 47.79 27.91 + 4.33
108 1'8Ta(n,y)'?Ta 2186.93 287.71 2351.63 9.05 972.50 + 144.97
109 17Au(n,x)'9%Ir 2.10 0.35 0.64 0.12 0.184 £+ 0.048
110 '9"Au(n,4n)!**Au 10277.87 2124.35 7071.54 40.49 43.88 + 9.58
111 97Au(n,3n)'?’Au 188.73 47.40 52.17 1.00 37.95 + 9.92
112 1¥7Au(n,2n)'%°Au 8402.03 1798.19 5867.86 2.52 141.54 + 31.87
113 Y7Au(n,7)'*®*9Au  53773.16 6902.54 90171.43 36.47 953.47 + 139.41
114 "Tl(n,x)**3Hg 22.39 4.23 9.13 0.10 1.73 £ 0.35
115 "*Tl(n,xn)?°°T1 3518.40 521.16 2897.74 17.57 12.84 £ 2.10
116 "%Tl(n,xn)?°1Tl 3939.54 756.98 2537.86 20.40 31.39 £ 6.43
117  "%'Tl(n,xn)?°?Tl 2456.11  523.94 1305.70 0.68 65.28 + 14.66
118 29Bi(n,6n)?*Bi 2293.78 131.27 1081.13 83.81 2.12 £ 0.25
119 2%Bi(n,5n)?**Bi 554.68 66.94 210.97 0.52 13.47 + 1.88
120 2%9Bi(n,4n)?"°Bi 3163.04 662.30 1396.62 1.55 36.24 £ 8.00
121 2%Bi(n,3n)*"Bi 2.98 0.75 5.28 0.02 252.29 + 66.13
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A few discrepancies in Tables 6.8 and 6.9 should be pointed out, concerning ID numbers
1, 6 and 7. Both the TENDL-2019 and TENDL-2021 libraries lack data for the °Be(n,3n)"Be
reaction. Earlier versions of TENDL, however, do contain such data. The values used for
this reaction were taken from TENDL-2015. TENDL-2021 do not contain data for neutron-
induced reactions on 27Al. The values adopted were taken from TENDL-2019 only. In a few
cases natural targets containing multiple stable isotopes produced data to which only one
constituent isotope contributed. The tabulated values with ID numbers 50, 79, 81, and 102
have been renormalized to reflect the entrance channel as mono-isotopic.

Figure 6.9 shows the Base-10 logarithms of the ratios between predicted and measured

physical yields, plotted versus the reaction ID number, for all six MCNP6 physics selections

167 Bertini/ABLA L] Bertini/Dresner r
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Figure 6.9: Base-10 logarithm of the ratio between predicted and measured physical yields, plotted
versus the reaction ID number, for different MCNP6 physics selections used in calculating the the neutron
flux. The cross sections used in the predictions were taken from the TENDL-2019 library.
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in conjunction with TENDL-2019 cross sections. The corresponding plots based on TENDL-
2021 cross sections are shown in Figure 6.10. In these figures the dashed red, blue and
green lines indicate differences in ratios of a factor 2, 3, and 5, respectively. These scatter
plots show that while the overall trends are similar, there clearly are differences between the
various data sets, both with respect to the TENDL library used and also with respect to the
physics selection. Overall overpredictions are immediately evident for the physics selections
Bertini/ABLA, Bertini/Dresner, ISABEL/ABLA and ISABEL/Dresner, for both TENDL libraries.
The CEM and INCL/ABLA physics selections provided values distributed more closely around
zero, i.e. more symmetrical distributions in terms of underpredictions and overpredictions.

Projections of these data should clearly illustrate this.

167 Bertini/ABLA L] Bertini/Dresner
0.8 . L] . i

Logl O(Y(,'AI,(,' /YEXP )

06 L] . L
QA e et I e e e e
S 04, . SO . L
= SO N S 1 I N .,‘ ,,,,,,,,,,,,,, I _
3 L B .. K ..°..-.,. .... et . . -.'. .'..-..: '.-". M ..- . . . . * .

T 021 - A A T L
b -044. T L

—~ -0.6- L

_0_8. * L
_1.0 T T T T T T T T
10 ISABEL/ABLA ISABEL/Dresner I
0.8 . : L

L T L

>§§ 0.4-; """""""""""""""" !_ """"""""""""""""""""""" ~ """"""""" S e L

\L 0.2 '” . [ ". . .-P ..." "“ . o .o "°. - “." M L

j 0.0 ) ) I

2 -0.24 . . I
Lo4{. .. """ i

= 06 i

_0_8. L
_1.0 T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Reaction identification number

Reaction identification number

Figure 6.10: Base-10 logarithm of the ratio between predicted and measured physical yields, plotted
versus the reaction ID number, for different MCNP6 physics selections used in calculating the the neutron
flux. The cross sections used in the predictions were taken from the TENDL-2021 library.
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Projections of the scatter plots of Figures 6.9 and 6.10 onto the y-axis, plotted as his-
tograms, are shown in Figures 6.11 and 6.12, respectively. Indeed, the CEM and INCL/ABLA
distributions are better distributed around zero than the others, with the CEM distributions in
particular having quite symmetrical shapes.

Another way to investigate these distributions quantitatively is to calculate their means and
standard deviations, which are presented in Table 6.10. The INCL/ABLA selection produced
a relatively small overall underprediction with both libraries, while CEM produced a relatively
small overprediction in both cases. The other physics selections all produced significantly
larger overpredictions. With cross sections from the TENDL-2019 library, the INCL/ABLA
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Figure 6.11: Number of reactions versus the base-10 logarithm of the ratio between predicted and
measured physical yields, plotted as a histogram. The cross sections used in the predictions were taken
from the TENDL-2019 library.
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physics selection produced the average closest to zero for the Logio(Yoarc/Yexp) values, cor-
responding to an underprediction of 9.72%. With cross sections from the TENDL-2021 library,
the CEM physics selection produced the average closest to zero, corresponding to an overpre-
diction of 10.23%. The best agreement between predictions and experimental data is clearly
obtained with the INCL/ABLA and CEM physics selections but it is not easy to select a clear
“winner” between these two. It is likewise difficult, from an overview perspective, to judge which
of the libraries is better. There is perhaps a slight improvement with the newer TENDL-2021
library, considering that for five of the six physics selections marginally smaller averages of the

Logio(Yoarc/Yexp) values were obtained (i.e. closer to zero). The standard deviations are sim-
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Figure 6.12: Number of reactions versus the base-10 logarithm of the ratio between predicted and
measured physical yields, plotted as a histogram. The cross sections used in the predictions were taken
from the TENDL-2021 library.
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Table 6.10: Averages (of all 121 reactions) and associated standard deviations of Base-10 logarithms of
the ratios between predicted and measured physical yields, for all MCNP6 physics selections,
utilizing cross sections from the TENDL-2019 and TENDL-2021 libraries, respectively.

* TENDL-2019 *

Physics selection Logi1o(Yoarc/Yexp) Comments

Average Standard deviation

Bertini/ABLA 0.1494 0.2673 41.06% overprediction
factor 1.85 standard deviation

Bertini/Dresner  0.1550 0.2525 42.89% overprediction
factor 1.79 standard deviation

CEM 0.0565 0.2609 13.89% overprediction
factor 1.82 standard deviation

INCL/ABLA -0.0444 0.2482 9.72% underprediction
factor 1.77 standard deviation

ISABEL/ABLA 0.1627 0.2741 45.45% overprediction
factor 1.88 standard deviation

ISABEL/Dresner 0.1687 0.2586 47.47% overprediction
factor 1.81 standard deviation

* TENDL-2021 *

Physics selection Logi0(Yoarc/Yexp) Comments

Average Standard deviation

Bertini/ABLA 0.1338 0.2638 36.08% overprediction
factor 1.84 standard deviation

Bertini/Dresner  0.1395 0.2505 37.88% overprediction
factor 1.78 standard deviation

CEM 0.0423 0.2471 10.23% overprediction
factor 1.77 standard deviation

INCL/ABLA -0.0579 0.2330 12.48% underprediction
factor 1.71 standard deviation

ISABEL/ABLA 0.1471 0.2703 40.31% overprediction
factor 1.86 standard deviation

ISABEL/Dresner 0.1532 0.2563 42.30% overprediction
factor 1.80 standard deviation

ilar in magnitude for all physics selections, with equivalent values significantly smaller than
a factor of 2. One may therefore expect that for a significant percentage of the reactions the
predictions and experimental values will differ by less than a factor of 2.

Table 6.11 presents the actual number of reactions in each case where calculated predic-
tions are within a factor of either 2, 3, or 5 from the corresponding measured values. This is
shown for each of the six physics selections in conjunction with either TENDL-2019 or TENDL-

2021 cross sections. The case for an averaged neutron spectrum (i.e. averaged over the spectra
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Table 6.11: Number of reactions where ratios between predicted and measured physical yields is smaller
than the factor indicated, for each MCNP6 physics selection, utilizing cross sections from
the TENDL-2019 and TENDL-2021 libraries, respectively. The case for an averaged neutron
spectrum is also included.

Physics selection TENDL-2019 TENDL-2021
<factor 2 <factor3 < factor5 <factor 2 < factor3 < factor5

Bertini/ABLA 77 108 120 86 110 118
Bertini/Dresner 80 110 120 91 114 119
CEM 90 112 119 94 115 118
INCL/ABLA 96 109 119 102 114 118
ISABEL/ABLA 78 106 120 81 111 119
ISABEL/Dresner 81 108 120 84 112 119
Averaged spectrum 85 109 120 90 113 119

obtained from the six physics selections with equal weight) has also been included. It will be
assumed that the sample size of 121 reactions is large enough to make statements about the
predictive power of the methods used. Based on these last-mentioned averages, one can de-
duce that roughly 70% of predictions are likely to be within a factor of 2 of the corresponding
experimental values. More than 90% seems likely within a factor of 3 and about 98% within a
factor of 5. Outliers beyond a factor of 5 are very rare. At least, these will be our expectations
until a larger sample proves otherwise. It does seem from the overall trend of the results in
Table 6.11 that the TENDL-2021 cross sections provide slightly better predictive power than
the corresponding TENDL-2019 values. It can be argued that for similar predictions in fu-
ture neutron-induced activation studies in this energy region, only the CEM and INCL/ABLA

physics selections need to be included.

6.5.4 Averaged neutron spectrum and yield outliers

The amount of physical yield data generated in this study is quite extensive. It proved to be
no simple task to get a complete overview of all 121 reactions at the same time, especially
since there are 12 such data sets (due to the 6 physics selections and 2 cross-section data
libraries). Also, one would like to look more closely at the outliers in order to see whether
there are perhaps any patterns, e.g. whether the same type of reactions shows an over or
underestimation, whether particular mass regions appear more problematic than others, etc. It
has already been established that the CEM and INCL/ABLA physics selections provide a better
overall agreement for neutron-induced reactions than the alternatives available in MCNP6. In
other words, these two selections have fewer outliers. One can therefore argue that from an
outlier point of view, one should rather study the worst case. Alternatively, one can study
the average case. In fact, several such scenarios were investigated. We chose to present a
closer look at the outliers obtained when using the average neutron spectrum (i.e. the average

of the 6 neutron spectra obtained from all 6 physics selections) in the calculated predictions,
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focusing initially only on those cases where the predictions and measured physical yields differ
by more than a factor of 3. This was done separately for the TENDL-2019 and TENDL-2021
data sets of this work. It also seemed sensible to compare the TENDL-2019 and TENDL-2021
predictions directly with each other by calculating the Log1o(Yrenpr—2019/YrENDL—2021) Values

for all reactions, shown in Figure 6.13.
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Figure 6.13: Base-10 logarithm of the ratio between predicted physical yields based on TENDL-2019
and TENDL-2021 cross sections, plotted versus the reaction ID number, for the case where an average
neutron spectrum has been adopted for the neutron flux (see text for more detail).

While in the majority of cases these logarithms of yield ratios have values close to zero,
which indicate good agreement between TENDL-2019 and TENDL-2021 excitation functions
for those neutron-induced reactions, there are some outliers where this is not the case. We
made a list of the reactions where no error bar crosses the zero line in Fig. 6.13, listed by
their respective ID numbers as follows: 13, 14, 17, 25, 47, 48, 64, 66, 68, 70, 71, 76, 79,
80, 84, 87, 88, 91, 96, 102, 103, and 118. Here we need to mention that the error bars
shown in the figure have been taken as the standard deviations associated with the averaged
physical yields summed in quadrature. There are 22 such points, therefore we may make
the statement that in the cases of 99 reactions (i.e. 81.8% of cases) the TENDL-2019 and
TENDL-2021 data are in excellent agreement within the uncertainties, as pertaining to their
predictive power concerning physical yields. The list of outlier ID numbers span almost the
entire mass range, precluding any statements about mass regions that are notably better or
notably worse than others. However, in some of the 22 cases the error bars happen to be quite
small, therefore some of them should not really be labelled as outliers (e.g. ID numbers 14, 48,
64, and 96). The exercise was therefore repeated by changing the test from the zero line to lines
that are 25% above and below the zero line (i.e. Logo(Yrenpr—2019/Yrenpr—2021) = &+ 0.09691).
This test leaves only 9 outliers: ID numbers 13,17, 68, 70, 71, 76, 84, 87, and 118. None

116



of these reactions are capture reactions. When the level of the test is raised to 50% (i.e.
Logio(Yrenpr—2019/YrENDL—2021) = £ 0.17609) then only 4 outliers remain: ID numbers 71, 76,
87, and 118. Our verdict is that the overall level of agreement between the TENDL-2019 and
TENDL-2021 libraries is substantial, which is to be expected. They are, after all, already the
10" and 11" versions of the library, respectively. There are, however, exceptional cases where

the tabulated data for the same reaction differ substantially in the two libraries.

Figures 6.14 and 6.15 show the Base-10 logarithms of the physical yield ratios between
the averaged predictions and measurements, based on TENDL-2019 and TENDL-2021 cross
sections, plotted versus the reaction ID number. Focussing on those cases exceeding a factor
of 3 between predicted and measured yields, 12 outliers are revealed using TENDL-2019 data:
ID numbers 13, 23, 24, 68, 75, 79, 85, 86, 87, 109, 111, and 118. This number is reduced to 8
outliers when TENDL-2021 data are used: ID numbers 13, 23, 24, 75, 86, 109, and 111. All of
these latter outliers are present also in the corresponding TENDL-2019 set. Only one of them
is an (n,7) capture reaction. The others constitute one (n,2n) reaction, one (n,3n) reaction,
and five reactions labelled as (n,x). Not much of a pattern emerged. We can confidently state
that a similar level of agreement was found amongst the capture reactions than amongst the
threshold reactions. In fact, there are 18 (n,y) reactions in this study or cases where an (n,v)
reaction notably contributes to the yield. Looking only at the TENDL-2021 data set, in only 4
of these 18 cases did we obtain yield ratios above a factor of 2. This is a comparable statistic
to that of the threshold reactions.
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Figure 6.14: Base-10 logarithm of the ratio between predicted and measured physical yields, plotted
versus the reaction ID number. The arithmetic average neutron flux spectrum from all six MCNP6 physics
selections was used in the predictions and the error bars are based on the associated standard deviations.
The cross sections used in the predictions were taken from the TENDL-2019 library.
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Figure 6.15: Base-10 logarithm of the ratio between predicted and measured physical yields, plotted
versus the reaction ID number. The arithmetic average neutron flux spectrum from all six MCNP6 physics
selections was used in the predictions and the error bars are based on the associated standard deviations.
The cross sections used in the predictions were taken from the TENDL-2021 library.

6.5.5 Testing for asymmetry in the neutron flux

It was mentioned in Subsection 6.2.2 that Run-2 contained three samples of certain target ma-
terials, placed in different positions inside the annular sample space of the activation chamber,
as a way to look for a possible asymmetry of the neutron flux with respect to the beam axis. An
asymmetry may, for example, be introduced if the beam is not perfectly aligned with the beam
axis, the beam spot is off-centre, or the sweep trajectory is not exactly circular. Table 6.12
contains the results from the three Mg and the three Al samples, as well as their averages.
These average values have been incorporated in Tables 6.8 and 6.9 in the columns for the

experimental yields of those reactions. No significant asymmetry issue is evident.

Table 6.12: Experimental physical yields of ?***Na obtained from neutron activation experiment Run-2.

Sample Reaction Physical yield* Reaction Physical yield
(Bq pAh—! g1 (Bq pAh~! g=)
Mg-1 "Mgn,x)*?Na 3.595 + 0.010 "*Mg(n,x)?*Na 43229.87 + 291.21
Mg-2 3.416 £ 0.011 41902.45 + 286.04
Mg-3 3.412 + 0.010 42445.97 + 276.01
Mean 3.474 + 0.010 42526.10 + 284.42
Al-1 27TAl(n,x)*?2Na 1.198 + 0.002  27Al(n,x)?**Na 22996.96 + 88.88
Al-2 1.238 + 0.003 23552.05 + 91.60
Al-3 1.227 + 0.003 22879.50 + 84.91
Mean 1.221 + 0.003 23142.84 + 88.46

“The tabulated uncertainties are statistical uncertainties only.
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6.5.6 Comments in conclusion

It is clear that the neutron flux behind a VBTS target, and therefore also behind one of the
new 70 MeV targets, will generally be too low for purposes of radionuclide production on a
commercial scale. It will be possible, however, to produce some valuable radionuclides close
to the line of stability for experimental-scale applications, e.g. chemical radiolabelling studies,
in vitro radiobiology investigations, etc. Since secondary neutrons will always be copiously
produced throughout the year, it will be a bonus if they can be exploited in a more meaningful
way than simply being absorbed in shielding materials.

Since production targets in the VBTS and also the new 70 MeV target stations will typically
remain in place for several days, the most appropriate candidates for production with the
secondary neutron flux should ideally have half-lives on a similar scale, i.e. several days to
perhaps several 10s of days (but not months or years). We identified "Cu (T} 2 =2.58d)asa
possible candidate and selected it for further investigation; the topic of Chapter 7.

One aspect of this work that may be criticized is the use of the intranuclear cascade model
(INC, e.g. by activating the physics selection INCL/ABLA) in the Monte Carlo simulations with
the code MCNP. According to Cugnon et al. [ ] the INC is generally considered to be
valid when the incident particle has a sufficiently small de Broglie wavelength to interact with
individual nucleons. For nucleon-induced reactions a lower limit is often quoted as about
200 MeV. Cugnon et al. questioned this limit, in a pragmatic approach, by comparing a large
body of data with model predictions in the energy region 10-250 MeV. It was found that the
INC, as implemented by the Liége group, gives surprisingly good results at energies well below
the limit mentioned above. It was concluded by these authors, who are also the developers
of the Liége version of the model, that the INC shows promising potential for nucleon-induced
reactions in the energy region 40-200 MeV, including good predictions of neutron emission

spectra originating from (p,xn) reactions.
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Chapter 7

Production of *“Cu

This chapter reviews existing methods to produce the therapeutic radionuclide "Cu. Aspects
related to ®”Cu supply and its importance in medicine are also discussed. Against this back-
ground, the feasibility to produce °”Cu with secondary neutrons emitted from radionuclide

production targets, during bombardment with 70 MeV protons, is subsequently investigated.

7.1 BACKGROUND AND OBJECTIVES

7.1.1 The supply and demand mismatch

A 2012 review article by Smith et al. | ] estimated the potential market in the US
for the therapeutic radioisotope ”Cu at ~12000 Ci (444 TBq) per year. A decade later, this
has not materialized and the entire world production is a mere fraction of this estimate, by
some orders of magnitude. In fact, a 2018 review article on clinical results of copper radionu-
clides in humans | ] lists only one phase I/II clinical trial that was performed with
a 5"Cu-labelled antibody, involving 12 patients. Why this enormous mismatch between past
predictions and current reality? Unfortunately, not unlike the case of the radioisotope ??°Ac
discussed in Chapters 3 and 4, there are enormous difficulties associated with the production
and reliable supply of “Cu, to the extent that this renders the prospects for any large-scale
clinical trials near impossible. The more that one studies the literature on 5"Cu, the more the
similarities between the ?2°Ac and %"Cu supply imbalances become clear. Smith et al. pointed
out that the level of production required would need multiple producers running constantly
and that the technology available (at that time) would not be capable to meet the demand.
Many articles have commented on problems associated with the lack of a reliable supply (see
e.g. the very recent review by Mou et al. | ]). Currently most of the °"Cu productions
are located at facilities associated with universities and national laboratories. These are mostly
multi-purpose experimental facilities, hardly in a position to sustain any large-scale "Cu pro-
duction on a routine basis. In spite of this, the importance of radiocopper in the radiomedical
field, and "Cu in particular, has grown enormously, based on continued progress in that field
(e.g. radiolabelling and small-animal studies). Production technology also exhibited further de-
velopment, which will be discussed in some detail in Section 7.1. It does not appear, however,
that the large-scale industrialization and/or commercialization of 67Cu production should be

expected in the near future. The time for that to happen, however, will surely come.
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In this study the possibility to exploit secondary neutrons for ”Cu production at a 70 MeV
cyclotron facility has been investigated. From the outset, however, it must be clearly stated
that the aim was not to try and address the above-mentioned supply problem, an endeavour
that would be very naive. Rather, the aim should be to make a contribution on a much smaller
scale, mainly to support a research effort. The rationale should be the same as presented
by Engle | ] concerning ??Ac production, namely that current progress in the field
depends strongly on the combined contributions of many suppliers, using an array of different
methodologies tailored to their respective infrastructure capabilities. Until such time that 5"Cu

production becomes fully industrialized, this seems to be the only way to proceed.

7.1.2 Copper radioisotopes in medicine

Five copper radioisotopes have become important in nuclear medicine, i.e. ®°Cu (T} s2 =23.7m),
61Cu (T35 = 8.339 h), ®2Cu (I3 )2 = 9.673 m), **Cu (T}, = 12.701 h), and *"Cu (T3> = 2.576 d).
The first four are positron emitters suitable for PET imaging, while *Cu and %"Cu both have
potential in targeted radiotherapy as so-called “theranostics” [ ]. Copper-64 is a ther-
anostic isotope because its 3T-decay is suitable for PET, while its 190 keV average 3~ -decay
provides radiotherapy capabilities | , ]. Copper-67 is a theranostic isotope
due to its suitable 5~ -emissions for radiotherapy combined with its 184.577 keV (48.7%) ~-ray,
which is in the ideal energy range for imaging with a SPECT camera.

There are several key reasons why copper radionuclides are generating so much interest.
Neither copper nor their zinc decay products are chemically toxic to humans at the levels re-
quired for diagnostic and therapeutic procedures. According to Boschi et al. | | the
total body copper content is about 100 mg and the daily dietary intake is between 1 and 2 mg
per day, orders of magnitude higher than the trace amounts added by the radiomedical proce-
dures. Johnsen et al. | ] stated that copper and zinc are the second and third most
prevalent trace elements in the human body, respectively, and that various kinds of tumours
have a high copper content. In addition, copper is not involved in inflammatory processes, un-
like the most-utilized PET radiotracer in the world, 2-deoxy-2-['8F-fluoro-D-glucose] (**F-FDG).
Imaging by means of PET or SPECT of a copper radiotracer will therefore provide information on
cancer only due to its insensitivity to inflammation. In order words, radioactive copper probes
can serve as highly specific tumour markers. Various biological molecules (e.g. peptides and
antibodies) can be labelled by copper radionuclides, similarly to many other radiometals (see
e.g. [ ] and references therein). Equally important, however, is a different category
of application, exploiting simple radioactive monoatomic ions for their well-recognized natural
role in a multitude of biological processes [ 1.

Serving as both the imaging probe and the bioactive substrate after being administered as
simple metallic ions, Cu radiometals can be used to image (or trace) their own journey through
a living organism. Since copper ions play a key role in cell replication and growth, it is not
surprising that they are deeply involved in cancer development and progression | l.
This means that, in addition to their potential in radiolabelled pharmaceuticals, *Cu and ®"Cu
can also be harnessed as true theranostic agents in their simple ionic form. Furthermore, their

physiological uptake largely excludes the skeleton as copper does not seek out or accumulate
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in bone tissue (see e.g. | 1), thereby enhancing its specificity in other organs for certain

cancers. The longer half-life of ®”Cu make it attractive in cases where the half-life of %*Cu is

deemed to be too short.

7.1.3 Production of ’Cu with medium-energy protons

The energy region of a 70 MeV proton cyclotron is usually considered to be medium energy.
There are only two feasible routes to produce %"Cu with a reasonable yield and quality with
medium-energy protons. The relevant reactions are %8Zn(p,2p)®’Cu and "°Zn(p,x)°"Cu. Unfor-
tunately both production routes have pros and cons. Natural Zn is not an option as too much
other Cu contaminants are co-produced, in particular copious amounts of 4Cu. Relatively
massive targets of enriched %8Zn or "°Zn are required, both of which are not widely available
and extremely costly, requiring quantitative recycling. Even with highly enriched targets, some

64Cu will usually be unavoidable. We are tempted to adopt something similar to Robertson’s
notation | ] for 225Ac (i.e. 227225Act and 22°Ac* — see Section 3.1) also for Cu. One
can refer to a product with notable **Cu contaminant as 5"Cu’ and a radionuclidically pure
product as ®"Cu*. Since the above two reactions may become important to iThemba LABS at
some future time period in the context of the new 70 MeV cyclotron facility, they are discussed
in some detail below. The expected yields from these proton-induced reactions also provide a
framework for comparison with the neutron-induced reactions that will follow afterwards.

Cross sections and corresponding physical yields for the %Zn(p,x)%*Cu and **Zn(p,2p)°"Cu

reactions have been evaluated by the IAEA | ], shown in Figures 7.1 and 7.2, re-

spectively. These evaluations extend up to 100 MeV. In the case of the "°Zn(p,x)%"Cu reac-
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Figure 7.1: Evaluated excitation functions for the formation of **Cu (broken curves) and °"Cu (solid red
curves) in the proton bombardment of enriched "°Zn and °*Zn, respectively.
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tion, however, the IAEA evaluation only extends up to 40 MeV, which is the region where the
Zn(p,a)®"Cu reaction dominates. This latter reaction was investigated by a group in Jtilich
(Kastleiner et al. | ], Hilgers et al. [ ]) and reported for the small-scale produc-
tion of “Cu on a small medical cyclotron; the potential for batch size up to 500 MBq was
reported. In order to extend the evaluation up to 70 MeV, we added the data recently re-
ported by Pupillo et al. [ ], measured between 45 and 70 MeV, and performed our own
re-evaluation, the results of which are also included in Figures 7.1 and 7.2. The rise above
40 MeV is dominated by the "°Zn(p,2p2n)%’Cu reaction, i.e. emitted unbound nucleons, in
contrast to the lower-energy peak where these nucleons are bound in an «a-particle cluster.

The only experimental data found in the literature for the "°Zn(p,x)%*Cu reaction were also
measured by Pupillo et al. | | between 45 and 70 MeV. Therefore, for this production
route, we adopted the TENDL-2021 cross sections but renormalized these values (by a factor of
about 1.5) to correctly reproduce the maximum of the measured excitation function of Pupillo.
The resulting renormalized data are also shown in Figures 7.1 and 7.2.

From Figures 7.1 and 7.2 it is clear that Cu contamination will always be present ex-
cept when the °Zn(p,x)%"Cu reaction can be exploited below about 30 MeV on 100% enriched
"Zn targets. In practice, even highly enriched °Zn is expected to contain some stable Zn
contaminants, which will feed some %*Cu formation. Fortunately, the much lower half-life of
4Cu (T, = 12.701 h) compared to "Cu (T}, = 2.576 d) means that by introducing a cooling
time before administration, the %Cu contamination level can be reduced to an acceptable level.
Unfortunately this will always come at a cost of some loss of the valuable ”Cu product.

The physical yields shown in Figure 7.2 were used to make predictions of ”Cu production

yields and %*Cu contamination levels. The bombardment time, beam intensity, and cooling time
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after EOB were treated as free parameters that could be chosen with any values that we wanted
to investigate. Our approach to perform these calculations (see Section 2.8) was tested against
results published by Pupillo et al. [ ] and could reproduce their values. Those authors
conceived a stacked-target configuration that endeavoured to optimize 5"Cu production while
minimizing **Cu contamination, an innovation which they subsequently patented [ l.
The patented concept target has four layers: "°Zn with energy window 70 — 56 MeV, followed by
68Zn with energy window 56 — 35 MeV, followed by 27Al with energy window 35 — 25 MeV, fol-
lowed by a second "°Zn layer with an energy window of 25 — 10 MeV. This concept certainly has
merit but one may question some practical aspects of its implementation in high-performance
targetry, e.g. the presence of cooling-water layers, encapsulation materials, etc., which incor-
porate dead layers. It seems to us that an extended optimization study is required that includes
these unavoidable dead layers. From the perspective of this thesis project, after consideration
of the alternatives, we chose to retain a tandem-target concept. The energy windows introduced
in Chapter 5 were again adopted, namely 62 — 38 MeV and 26 — 0 MeV. As discussed before,
the encapsulation materials and cooling-water layers will consume some of the available en-
ergy range. The higher-energy window can accommodate either ®*Zn or °Zn but it only makes
sense to consider "°Zn for the lower-energy window due to the relatively high threshold of the
68Zn(p,2p)°"Cu reaction (see Figure 7.1). Comparisons of production yields have been made
using a bombardment time of 5 days (i.e. about 2 half-lives of "Cu), a 70 MeV proton beam
with a beam current of 250 pA, and a cooling time that will give an arbitrary selected ®*Cu
impurity of 5%, which should be acceptable in most cases. All the results will be discussed in

Section 7.4, “Results and Discussion”.

7.1.4 Production of ’Cu with composite light projectiles

A number of studies will be highlighted without attempting to give an exhaustive account of
previous work. Several groups investigated the reaction ®*Ni(a,p)’"Cu. Skakun et al. [ ]
investigated this production route on enriched %Ni and concluded that the integral yield is
about 4.3 times lower than can be obtained with the alternative "°Zn(p,a)%”Cu route. Ohya
etal [ ] utilized this reaction with a 36 MeV «-particle beam to produce small-scale
but high quality ®“Cu on >99% enriched %Ni for pre-clinical studies. The lower yield is a
disadvantage but an approximately 30-times lower “Cu contamination level is a significant
advantage. They also noted that the radiochemistry of Ni may be somewhat simpler than the
radiochemistry of Zn, which is possibly another advantage.

Kozempel et al. [ ] investigated the "°Zn(d,an)%"Cu reaction up to 20 MeV, reporting
an estimated yield of 4.2 MBq/pAh (110 pCi/pAh). While this production rate is quite low, a
much reduced level of %Cu contamination compared to alternative production routes is cited
as a significant advantage. Nigron et al. | ] recently pointed out that with very highly
enriched °Zn and deuterons with energy below 26 MeV, a °"Cu product can be made that
is essentially free of %*Cu contamination. The authors concluded that this production route
may be of interest for the future as linear accelerators are under development that will pro-
vide milli-ampere (mA) deuteron beams, provided adequate targetry can be developed that can

accommodate such high-intensity beams under prolonged bombardments.
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7.1.5 Production of Cu with heavy ions

Mastren et al. | , |, as part of a larger study on harvesting isotopes at a pro-
jectile fragmentation facility [ ], reported on the collection of "Cu from a secondary
beam cocktail at the National Superconducting Cyclotron Facility (NSCF) at Michigan State
University in the US. They made the point that therapeutic doses can be on the order of hun-
dreds of millicurie per patient, well out of the reach of small medical cyclotrons. In proof-of-
principle studies, "Cu was successfully harvested from an aqueous beam dump downstream
of the primary target facility that produced secondary beams (RIBs) for on-line experiments.
It was reported that a saturated %"Cu activity of up to 2 Ci was achievable, depending on the
primary beam. We will defer our own comments about this approach to the Comments in

Conclusion section later in this chapter.

7.1.6 Production of ’Cu with photonuclear reactions

Explorative studies have been performed on the production of ”Cu using the ®*Zn(y,p)®"Cu
reaction [ , , ]. These studies exploited bremsstrahlung photons pro-
duced with existing electron linacs, the photons being secondary particles emitted from high-Z
targets (e.g. tungsten or tantalum) being bombarded with the primary electron beam. Stoner et
al. | ] describes a production size of 30 mCi during a 2-hour bombardment on a 40 g
enriched %8Zn target, while Ehst et al. | ], by extrapolating their results on a natural
Zn target to an enriched %8Zn target, reports the feasibility of a 2 Ci production with a 48-hour
linac run. It is not possible to directly compare these various efforts as electron energies, av-
erage beam currents and target geometries differ. To the best of our knowledge, no large-scale
production of °“Cu has yet been demonstrated via photonuclear production but we are aware
of development work at Argonne National Laboratory in the US, utilizing the 50 MeV/25 kW
electron linac of the Low-Energy Accelerator Facility (LEAF).

Photonuclear reactions, however, will most likely play a major role in future large-scale
production strategies for a number of radionuclides, including 5"Cu. To explain this ade-
quately, one needs to elaborate on recent developments concerning electron accelerators, and
high-energy Rhodotrons in particular. Recently Northstar Medical Isotopes in the US pur-
chased the first two (of eight planned) Rhodotron electron accelerators for *?Mo/?""Tc genera-
tor production, utilizing the °*Mo(vy,n)°Mo reaction on highly enriched '°°Mo targets | ,

]. Rhodotrons are electron accelerators based on the principle of re-circulating a beam
through successive diameters of a single coaxial RF cavity. Their design makes them much
more compact than electron linacs. These particular Rhodotrons purchased by Northstar are
40 MeV, 125 kW units, specially developed for this purpose by IBA | ]. Traditionally
99Mo production resided almost exclusively in the domain of nuclear reactors but the closure of
many reactors in recent years prompted the development of alternative production strategies.
This makes the Rhodotron procurement by Northstar Medical Isotopes particularly significant.
An interesting peculiarity of this development is that a single Mo stacked-target is bom-
barded from both ends simultaneously by two electron beams, utilizing a pair of Rhodotrons
for a single target system. This is the first commercial, large-scale production facility of **Mo

not based on nuclear-reactor technology in the world.
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The Rhodotron story, however, becomes even more interesting. Late in 2021 Northstar Med-
ical Isotopes announced the purchase of a third 40 MeV, 125 kW Rhodotron from IBA for ??°Ac
production, utilizing the ??°Ra(y,n)???Ra—?2?*Ac process [ , ]. In this case the
target material is radioactive ??°Ra (T} s2 = 1600 y). This announcement specifically mentions
that Northstar also plans to pursue 5"Cu production in future with similar technology, utiliz-
ing the %8Zn(y,p)°"Cu reaction. Prior comments on the feasibility of the Rhodotron TT300 HE
accelerator for 7Cu and *7Sc production have also been made by IBA [ l.

To summarize this section, one can reflect on these developments by asking whether smaller
producers, in smaller countries, can emulate them. The accelerator technology is relatively
simple and would be affordable to many potential producers. The targetry, however, is a
completely different story. The targets themselves are massive, considering they constitute
enriched and/or radioactive material. A recent article by Tkac et al. [ ], for example,
reports on the radiochemical processing of °°Mo target batches of up to 600 g per batch. The
procurement, handling and recovery of such material will likely be beyond the capabilities of
most countries in the world. The same applies to %Zn and radioactive ??Ra. In order to be
commercially viable, large infrastructures are required to process, recover and recycle these
large quantities of target materials; these are endeavours where the actual accelerators only
constitute a minor cost in comparison. Cost is not the only criterion but the ability to procure
and secure these materials will pose a virtually insurmountable obstacle for producers in most
countries, at least in the foreseeable future. This technology is therefore likely to reside only in
countries with large-scale enrichment capabilities and massive nuclear technology infrastruc-
ture, in the context of strong private/public partnerships. It is highly likely that such countries
will keep the technology safely within their borders, judging by current policies on enrichment

and various other nuclear technologies. Small players will struggle to join this club.

7.1.7 Production of “Cu with neutron-induced reactions

Traditionally, neutron-induced reactions for the production of radionuclides have long been
the domain of nuclear reactors. This has started to change since about the start of the new
Millennium, at least in terms of investigations on production possibilities with accelerator-
produced neutrons (i.e. secondary neutrons). Spahn et al. | ] published one of the
earliest investigations on ®”Cu production with secondary neutrons, to the best of our knowl-
edge. These authors compared new measurements of spectrum-averaged cross sections of the
67Zn(n,p)®"Cu reaction, using a 14 MeV d(Be) neutron source, with corresponding values ob-

tained with a fission neutron spectrum. These results are summarized in Table 7.1. Also shown

Table 7.1: Experimentally determined average °"Cu formation cross sections of neutron-induced reac-
tions on highly enriched %"Zn.

Neutron source Average cross section (o) Reference
(mb)
14 MeV d(Be) neutron spectrum 5.13 +£ 0.87 Spahn [ |
Fission neutron spectrum 1.07 £ 0.04 Spahn [ ]
66 MeV p(Rb/Ga) neutron spectrum 3.71 £ 0.80 This work®

?See tables 6.8 and 6.9, reaction ID = 42.
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in Table 7.1 is the corresponding value obtained from secondary neutron activation behind a
VBTS target of this work. The spectrum averaged cross section with a 14 MeV d(Be) neutron
spectrum is about a factor 5 larger than the value obtained with a fission neutron spectrum,
with the 66 MeV p(Rb/Ga) neutron spectrum producing a value somewhere in-between. This
is mainly an indication of spectrum hardness. Spahn et al. | ] estimated the average
neutron energy of the 14 MeV d(Be) neutron spectrum to be 4.95 MeV and that of spallation
neutrons to be 3.98 MeV. In contrast, the fission spectrum is considerably softer, with a re-
ported average neutron energy of 2.06 = 0.05 MeV | ] from the fission of #*°U induced
by 0.4 MeV neutrons. Certainly, further neutron interactions with materials surrounding a
source and the overall geometry may significantly alter the neutron spectrum at the position
where samples are activated. Nevertheless, it was not surprising to find a value in-between the
two published values of Spahn et al., as summarized in Table 7.1.

Some authors commented on the development of intense neutron sources using deuteron
break-up, and suggested that such infrastructure may also be useful for “Cu production,
amongst several other useful radionuclides. Kin et al. | ] and also Gopalakrishna et
al. [ ] based some of their discussion on the SPIRAL 2 development at GANIL, France,
utilizing the "**C(d,n) reaction to produce a neutron spectrum with an average neutron energy
of approximately 18 MeV using a 40 MeV, 5 mA deuteron beam. The cross section of the
67Zn(n,p)°”Cu reaction is about a factor 10 larger at these energies than the corresponding value
from a 14 MeV d(Be) neutron spectrum. The International Fusion Materials Irradiation Facility
(IFMIF) will generate a neutron flux with a broad peak at 14 MeV, based on the Li(d,xn) reaction
utilizing 40 MeV deuterons and two parallel 125 mA beams | ]. These developments
may be useful for investigating production possibilities of certain radionuclides, including "Cu.

The activation studies on the VBTS, discussed in the previous chapter, also shed light on
the predictive power of MCNP simulations in conjunction with the TENDL cross sections. This
study, exploiting a 66 MeV proton beam, is important from the point of view of a future 70 MeV
facility, especially as the beam energies are so close to each other. Good predictive power with
a 66 MeV proton beam should provide significant reassurance that similar simulations may
be trusted with a 70 MeV proton beam. The yield results exploiting the ®"Zn(n,p)*”Cu and
68Zn(n,x)%"Cu reactions, on highly-enriched target materials, are summarized in Table 7.2.
Both the CEM and INCL/ABLA physics selections led to very satisfactory agreement with
the measurements. For this reason, both the CEM and INCL/ABLA physics selections were
adopted for simulations with 70 MeV proton beams in the new target stations.

It is evident from Table 7.2 that the %Zn(n,x)%"Cu reaction will provide significantly higher

Table 7.2: Experimentally determined physical yields compared to predictions based on MCNP + TENDL
for 5”Cu produced by secondary neutron activation in the bombardment of a Rb/Ga tandem
target with 66 MeV protons in the VBTS.

Target Physical yield (Bq pAh~! g~ 1)
material Experimental TENDL-2019 TENDL-2021
CEM INCL/ABLA CEM INCL/ABLA
s[67Zn] 1081.1 1779.6 1442.5 1971.4 1599.4
s[®8Zn] 2336.0 2812.2 2021.1 2881.2 2071.4
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yields than will be obtainable from the 5"Zn(n,p)’"Cu reaction. Also, ®Zn has a significantly
higher natural abundance than %"Zn (18.45% and 4.04%, respectively). It is therefore less
expensive to enrich %8Zn than %"Zn to the same level. For these reasons, the %Zn(n,x)%"Cu
reaction was selected as the reaction of choice.

The remainder of this chapter is dedicated to the production of “Cu in the secondary neu-
tron flux behind a primary tandem target under bombardment with a 70 MeV proton beam.
The process is shown schematically in Figure 7.3. Two additional tandem-target configura-
tions were included in the study. A Zr/Y,O; target for the production of *¥Y was selected as
this radionuclide has some potential in a number of geophysical applications in addition to a
sufficiently long half-life for export purposes. A Be/Ga configuration was selected solely be-
cause the beryllium produces a harder neutron spectrum than the other targets. The idea
stems from the fact that, for many years, the neutrons used in radiotherapy at iThemba LABS

were generated by 66 MeV proton beams on a Be target with an energy window of 40-66 MeV.

Tandem
target

Rb/Ga (825r/%8Ge)

Material for
Mg/Ga (22Na/%8Ge) Secondary neutron activation
neutrons
Th/Ga (?%°Ac/%8Ge) o Zinc oxide
> 67Zn0 ?
70 MeV protons & 68710 ?
Mg/Th (22Na/230U) —_—
E— ——— | Mewliemn
_—
Rb/Th (82Sr/230U)
— = 67Cu production
_—
Th/Th (225Ac/23°U) —— for therapy

ZEN 0y (V55

Be/Ga (n + %8Ge)

Figure 7.3: Schematic diagram of the tandem targets considered for bombardment with a 70 MeV primary
proton beam, followed by another target for activation with secondary neutrons. The relevant target
materials and radioisotopes of main interest are as indicated.

7.2 MONTE CARLO SIMULATIONS

The new 70 MeV target station was simulated in a similar way as the VBTS (see Section 6.3),
utilizing the Monte Carlo radiation transport code MCNP6. The existing VBTS model input file
was used as the starting point for the development of a model for the new stations. This was
convenient as certain parts of the file stayed nearly the same or needed only minor editing,

such as the material specifications, the source term of the proton beam, the model selection
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statements, etc. The main task was to develop station and target geometries that are realistic,
yet simplified in less important areas. Small structures, such as nuts and bolts, were not mod-
elled. Similar to the VBTS model, the focus was on achieving a suitable model in terms of the
overall material budget as well as accurate dimensions where the beam/target configuration is
concerned. Most of the details described in Section 6.3 also apply here and will therefore not
be further elaborated on.

The geometry of the model is shown in Figures 7.4 through 7.6. Figure 7.4 shows the
entire station while Figures 7.5 and 7.6 show the target regions of two different target-holder
concepts. The standard target holder is similar to the VBTS target holder except that it has been
extended in the in-beam direction to accommodate somewhat thicker target configurations.
Prototypes of these target holders have been manufactured and are currently (i.e. at the time
of writing) being tested and evaluated at iThemba LABS. The cylindrical inner cavity, which
houses the actual targets, has a larger diameter than the VBTS target holder, as the diameters
of the new targets have been increased (outer diameters of nominally 40 mm for VBTS target
disks and 52 mm for the new 70 MeV targetry). This is to provide more surface area from
which heat can be removed during bombardments. The neutron activation cavity behind the
target holder, located in the head of the pusher arm, will allow about 250 cm?® of material to be
simultaneously neutron activated with a primary target bombardment.

The modified target holder in Figure 7.6 was introduced as an additional simulation study
in an attempt to increase the neutron flux in the neutron activation cavity. No such target

holders have yet been produced but the idea is worthy of investigation, which will be evident

> Air

Outer lead shield
Paraffin wax + B,C

Inner iron shield

e Horizontal beamline

e

Vacuum
Collimator

Target holder

Pusher arm

Figure 7.4: The model geometry of the new 70 MeV target station with its horizontal beamline as gen-
erated with the MCNP6 code system. Note that subsequent figures zoom into the target region to show
more detail. The image is coloured by materials selection.
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Rb/Ga Tandem target in STANDARD TARGET HOLDER

Neutron activation cavity

Head of pusher arm

Cooling water

Standard target holder

Ga target

Air

Figure 7.5: Zoomed-in view showing the standard target holder, tandem Rb/Ga targets, and the neutron
activation chamber located in the head of the pusher arm, as generated with the MCNP6 code system.

See also Figure 7.4.

Rb/Ga Tandem target in MODIFIED TARGET HOLDER

Neutron activation cavity

Head of pusher arm

Modified target holder

Rb target

Helium window

Ga target

Air

Figure 7.6: Zoomed-in view showing the modified target holder, tandem Rb/Ga targets, and the neutron
activation chamber located in the head of the pusher arm, as generated with the MCNP6 code system.

See also Figures 7.4 and 7.5.
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from the results that will be presented shortly. The modified target holder has been provided
with a backing plate with the same thickness as its beam entrance window (of nominally 2 mm).
This results in a reduction of the mean distance between the neutron activation cavity and the
primary targets. A few words of caution on this approach are in order. In the case of a target
failure where significant target material is lost from a target capsule, a thick backing (such
as in Figure 7.5) provides for the ability to degrade and stop the beam before it can punch
through the target holder. In the case of a thin backing (such as in Figure 7.6) such a failure
may lead to beam traversing through the target holder, entering the neutron activation cavity.
This would not be a healthy situation as the material in the neutron activation cavity will
become heated by the beam, as no external cooling in that space is foreseen and provided for.
In practice, should such target holders be considered in future, it would be prudent to measure
the temperature of the material to be neutron activated (e.g. with a K-type thermocouple) and
to provide an interlock to remove the beam should a sudden temperature rise be observed.
Provision has therefore been made in the actual design for thin electrical wires to be fed out
of the neutron activation cavity, through a radial port with a 10 mm diameter, which has not
been incorporated in the Monte Carlo model.

To conclude this section, it should be mentioned why the modified target holder was inves-
tigated in the first place. This part of the investigation was prompted by the geometry error
discussed in Subsection 6.3.4. Once we realized the sensitivity of the neutron flux to small
changes in the geometry of the activation cavity relative to the targets, it made sense to expand
the investigation to a scenario where the cavity is placed as close as possible to the actual

targets. This can only be achieved by reducing the thickness of the backing.

7.3 ACTIVATION CAVITY AND SECONDARY TARGETS

In order to perform realistic Monte Carlo simulations, it is necessary to formulate a sensible
design approach not only of the primary tandem targets but also of the secondary targets
to be activated by neutrons behind the target holder containing the primary targets. The
activation cavity provided in the head of the pusher arm is cylindrical in shape with a diameter
of 90.7 mm and a depth of 40 mm. The idea was that this cavity should accommodate an
exchangeable cylindrical container with an outer diameter of 90 mm and 40 mm outer length.
Such containers are anticipated to have thin walls, machined out of a suitable metal. Assuming
a 1 mm wall thickness, an inner cavity of 88 mm diameter and 38 mm in depth would be
available. This gives an inside volume is 231 cm?® that can be filled with material to be neutron
activated. Such containers can be loaded and unloaded into a bombardment station using the
same pole-with-suction-cup system described in Section 2.3.

The above idea was first suggested by a visiting scientists and user at iThemba LABS, Dr
Ferenc Szelecsényi of ATOMKI, Debrecen, Hungary. Dr Szelecsényi suggested filling the cavity
with a salt of an enriched target isotope, such as a %Zn-salt. After bombardment, the salt would
be dissolved and the solution passed through an ion-exchange resin to remove the desired
radionuclide(s), whereafter the target material would be quantitatively recovered for re-use.

It transpires that many of the salts of Zn are hygroscopic and some (like several of the chlo-

rides, of which nine crystalline forms are known) are deliquescent | ]. In contrast, ZnO
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is insoluble in water and non-toxic, making it a useful dental amalgam material [QOS2018].
Zinc oxide is highly soluble in many acids, including hydrochloric acid. It is frequently used
as a target material (see e.g. Jamriska et al. [JAM1997], Katabuchi et al. [KAT2008], Johnsen
et al. [JOH2015]) as an alternative to the metallic form. Methods for the quantitative recovery
of Zn, both in its metallic and oxide forms, have been developed (see e.g. [KAT2008]). In this

work we only considered metallic Zn and ZnO as potential target materials.

7.3.1 A candidate ZnO secondary target

The theoretical density of ZnO is 5.681 g/ cm?® [RAD2018] but ceramic materials of ZnO may
have relative densities significantly lower than this value, depending on the method of man-
ufacture. Most of the methods combine powder compaction with a sintering scheme (i.e. the
application of pressure and heat). At iThemba LABS, a large 300 ton hydraulic press facility
was established years ago for the manufacture of targets by powder compaction [STE2018b].
Various punch-and-die sets of different sizes are available and new sizes can be added when
required. This facility has been the backbone of target manufacture since the nineties and it is
still extensively utilized for this purpose. This facility should be ideal for manufacturing cylin-
drical ZnO pellets, to be stacked in the neutron-activation container as shown schematically in
the left panel of Figure 7.7. This pattern of stacking will allow 55 cylindrical pellets of 10.6 mm
diameter and 38 mm long to be packed fairly loosely into the container.

There are methods to promote densification of ceramics during powder compression, e.g. by
means of spark plasma sintering [RAD2018]. However, for the purposes of this study we only
considered cold powder compaction with the large 300 ton press of iThemba LABS. From green
densities published in the literature and taking into account the significant capability of the

300 ton press, it seems very feasible to achieve a green density of 3.49 g/cm? (i.e. 61.4% of the

Support plate Inner wall

Container wall
ZnO pellets Stack of Zn metal disks

Figure 7.7: LEFT: Schematic top view of the ZnO secondary target concept. RIGHT: Schematic top view
of the metallic Zn secondary target concept.
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theoretical density — see e.g. | ). The total mass of ZnO that can be accommodated
in the container in this way will be about 643 g, which has a Zn content of about 521 g. For
purposes of the simulation and subsequent yield estimates, we adopted a rounded quantity of
500 g %®Zn. There are also a few quite large spaces between the wall of the container and the
ZnO pellets where more material can be added, if required (e.g. by filling those cavities with
smaller ZnO fragments). We are therefore confident that 500 g 58Zn can be fitted comfortably
into such a container. The matter of availability and procurement of such a relatively large
amount of enriched %Zn needs to be considered. At the present time such a procurement will
not be trivial, however, there are indications that this may change in future. This aspect will

be discussed in more detail later.

7.3.2 A candidate metallic Zn secondary target

Another scenario was considered for the secondary target, namely where the same amount of
500 g %®Zn is stacked as metallic disks in the centre of the neutron-activation container. This
is shown schematically in the right panel of Figure 7.7. Since Zn in metallic form has a higher
density than ZnO (7.133 g/cm? and 5.681 g/cm?, respectively), the Zn disks will occupy signif-
icantly less volume. A smaller inner cavity inside the container is therefore envisaged. iThemba
LABS has for many years prepared natural Zn target disks by means of the 300 ton hydraulic
press (for the production of “Ga) and densities near the theoretical value have consistently

been achieved.

7.4 RESULTS AND DISCUSSION

7.4.1 Proton-induced reactions on °*Zn and °Zn

Following on from Subsection 7.1.3, the results of our predictions of 5"Cu yields from Zn+p
and "°Zn+p reactions are presented. Table 7.3 shows the physical yield and corresponding
radionuclidic purity of ”Cu produced by both the %8Zn(p,2p)*"Cu and "°Zn(p,x)*”Cu reactions
in an energy window of 62 — 38 MeV, as well as for the "°Zn(p,x)®’Cu reaction in the energy
window 26 — O MeV. In principle, a tandem %8Zn/"°Zn tandem target is possible, with the
Zn target located in the lower-energy window. In the higher-energy window, the "°Zn+p
route gives a somewhat higher yield than the %Zn+p route, by about 23%. Since "°Zn is
much less abundant in nature (natural abundances of 18.45% and 0.61% for °®Zn and "°Zn,

respectively) the %Zn+p production route would still normally be the preferred one. Both

Table 7.3: Predicted ®"Cu physical yields in the proton bombardment of enriched ®*Zn and "°Zn targets.

Energy window 68Zn target 0Zn target
(MeV) Physical yield® Purity” Physical yield® Purity”
(MBg/pAh) (%) (MBg/pAh) (%)
62 — 38 18.84 9.3 23.21 9.3
26 - 0 - - 5.11 100

“For mono-isotopic targets.
bRadionuclidic purity of 67Cu relative to longer-lived Cu total activity (i.e. °'Cu + 64Cu + 67Cu).
The incident beam is 70 MeV protons.
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production routes have significant co-produced Cu contaminants, rather surprisingly leading
to virtually the same instantaneous radionuclidic purity of 9.3% (in practice at the end of a very
short bombardment where no significant radioactive decay could have taken place). In contrast,
the "°Zn(p,x)%"Cu reaction will give a radionuclidically pure product if produced exclusively in
the lower-energy window, once the Cu has been separated from the Zn target matrix.

In productions utilizing the higher-energy window, a long cooling time is required for the
shorter lived Cu contaminants to decay to a level below 5% of the total radioactive Cu content.
This is shown in Table 7.4 for a bombardment time of 5-days with a beam current of 250 uA,
where a 91 hour cooling time is required to reach a %"Cu radionuclidic purity of 95%. Even
so, both production routes will provide in excess of 3 Ci of "Cu, which would be enough for
several therapeutic doses. With a tandem target system, the production yield can almost be
doubled. These are very significant yields, suitable to support clinical trials. Once again we
would like to point out that these results were obtained from available nuclear data, not taking
into consideration any procurement issues of the enriched target material, neither the cost of

such material or the effort required to recover spent target material.

Table 7.4: Production yields of °’Cu in the proton bombardment of enriched *®Zn and "°Zn targets.

Energy window 68Zn target 0Zn target
(MeV) Cooling time® Yield® Cooling time® Yield®
(hours) (GBq) (mCi) (hours) (GBq) (mCi)
62 — 38 91.0 112.03 3027.8 91.0 138.02 3730.4
26 -0 - - - 0 84.23 2477.3

2Cooling time after EOB to reach 95% radionuclidic purity of 67Cu or better.
bFor a 5-day bombardment with 70 MeV protons at a beam current of 250 pA.

7.4.2 Neutron-induced reactions on %8Zn

Tables 7.5 and 7.6 present the predicted “Cu physical yields from secondary-neutron activa-
tion of 100% enriched %®Zn (as an oxide) in a new 70 MeV target station, using TENDL-2019
and TENDL-2021 cross sections, respectively. The CEM physics selection mostly leads to some-
what higher yields than the INCL/ABLA physics selection; the differences vary between about
1% and 44% but on average by about 25%. The differences in yield associated with the different
primary tandem targets are relatively small - in fact, they are remarkably similar. The excep-
tion is the Be/Ga target, leading to yields between a factor of 2 and 3 higher than any of the
other tandem targets. This is not surprising, considering that it provides a significantly harder
neutron spectrum (see Section 5.3). Corresponding results obtained with cross sections from
the TENDL-2019 and TENDL-2021 libraries are generally in good agreement. In most cases
the 57Cu radionuclidic purity (relative to the sum of all longer-lived Cu radioactivity) is above
50%, which will require a cooling time post EOB for any production regimen to produce a ®’Cu
product with 95% radionuclidic purity or better.

Tables 7.7 and 7.8 present the predicted °"Cu production yields for a bombardment period
of 5-days at a beam current of 250 pA, using TENDL-2019 and TENDL-2021 cross sections,

respectively. These yield values are for a ®“Cu product with a radionuclidic purity of 95%,
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Table 7.5: Predicted °"Cu physical yields from secondary-neutron activation of 100% enriched °®Zn in a
new 70 MeV target station, using TENDL-2019 cross sections.

Target  Tandem CEM INCL/ABLA
holder target Physical yield  Purity® Physical yield  Purity”
(kBq uAh~' g™') (%) (kBq uAh~' g™!) (%)

Standard Rb/Ga 1.536 59.4 1.136 56.5

Mg/Ga 1.213 68.6 1.050 53.6

Th/Ga 1.038 55.9 0.924 53.3

Mg/Th 1.183 67.9 1.045 53.4

Rb/Th 1.496 58.8 1.129 56.3

Th/Th 1.004 55.0 0.921 53.2

Zr/Y203 1.422 48.7 0.987 50.2

Be/Ga 4.458 48.2 4.414 48.1

Modified Rb/Ga 2.724 64.0 2.110 60.0

Mg/Ga 2.352 70.8 2.273 58.5

Th/Ga 2.941 63.3 2.669 59.1

Mg/Th 2.409 70.5 2.410 58.8

Rb/Th 2.800 63.8 2.235 60.3

Th/Th 3.026 63.2 2.825 59.4

Zr/Y;03 3.685 57.7 2.735 56.1

Be/Ga 8.342 55.8 8.261 55.6

@Radionuclidic purity of 67Cu relative to longer-lived Cu total activity (i.e. 1Cu + 64Cu + 67Cu).
The incident beam is 70 MeV protons.

Table 7.6: Predicted °"Cu physical yields from secondary-neutron activation of 100% enriched °*Zn in a
new 70 MeV target station, using TENDL-2021 cross sections.

Target Tandem CEM INCL/ABLA
holder target Physical yield  Purity® Physical yield  Purity®
(kBq pAh—' g™ (%) (kBq pAh—' g™ (%)

Standard Rb/Ga 1.576 64.4 1.165 61.4

Mg/Ga 1.241 72.7 1.078 58.6

Th/Ga 1.063 60.8 0.949 58.2

Mg/ Th 1.212 72.1 1.073 58.4

Rb/Th 1.536 63.8 1.159 61.3

Th/Th 1.029 59.9 0.946 58.2

Zr /Y503 1.461 53.4 1.014 55.0

Be/Ga 4.605 53.6 4.560 53.5

Modified Rb/Ga 2.788 68.7 2.162 64.9

Mg/Ga 2.401 74.7 2.329 63.4

Th/Ga 3.005 67.9 2.734 63.8

Mg/ Th 2.460 74.4 2.469 63.7

Rb/Th 2.868 68.6 2.290 65.2

Th/Th 3.093 67.8 2.893 64.2

Zr /Y503 3.773 62.2 2.804 60.8

Be/Ga 8.595 61.0 8.513 60.9

eRadionuclidic purity of 67Cu relative to longer-lived Cu total activity (i.e. 1Cu + 6¢Cu + 67Cu).

The incident beam is 70 MeV protons.
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Table 7.7: Predicted ®"Cu production yields from secondary-neutron activation of 100% enriched *®Zn in
a new 70 MeV target station, using TENDL-2019 cross sections.

Target Tandem Cooling time® CEM yield® Cooling time® INCL/ABLA yield®
holder target (hours) (MBq) (mCi) (hours) (MBq) (mCi)
Standard Rb/Ga 29.4 9108.5 246.2 32.3 6518.8 176.2
Mg/Ga 20.3 7969.0 2154 35.0 5850.1 158.1

Th/Ga 32.8 5926.5 160.2 35.2 5136.1 138.8

Mg/ Th 21.0 7710.6 208.4 35.2 5809.0 157.0

Rb/Th 30.1 8799.8 237.8 32.6 6463.0 174.7

Th/Th 33.8 5668.3 153.2 30.7 4969.2 134.3

Zr/Y-03 39.6 7524.8 203.4 38.1 5309.7 143.5

Be/Ga 40.0 23466.3 634.2 40.0 23234.1 627.9

Modified Rb/Ga 27.7 16457.5 444.8 28.9 12579.4 340.0
Mg/Ga 17.8 15877.9 429.1 30.4 13334.2 360.4

Th/Ga 25.8 18160.0 490.8 29.9 15742.0 425.5

Mg/Th 18.3 16173.6 437.1 30.2 14171.8 383.0

Rb/Th 25.3 17383.4 469.8 28.7 13357.6 361.0

Th/Th 25.8 18681.9 504.9 29.4 16748.6 452.7

Zr/Y,0s3 31.1 21437.9 5794 32.6 15656.4 423.1
Be/Ga 33.0 47496.0 1283.7 35.7 45657.1 1234.0

2Cooling time after EOB to reach 95% radionuclidic purity of 67Cu.
bFor a 5-day bombardment with 70 MeV protons at a beam current of 250 pA.

Table 7.8: Predicted %" Cu production yields from secondary-neutron activation of 100% enriched *®Zn in
a new 70 MeV target station, using TENDL-2021 cross sections.

Target Tandem Cooling time® CEM yield® Cooling time® INCL/ABLA yield®
holder target (hours) (MBq) (mCi) (hours) (MBq) (mCi)
Standard Rb/Ga 24.6 9862.4 266.6 27.5 7059.8 190.8
Mg/Ga 15.7 8586.0 232.1 30.4 6322.1 170.9

Th/Ga 28.2 6389.1 172.7 30.6 5549.9 149.9

Mg/Th 16.4 8314.3 224.7 30.4 6295.7 170.2

Rb/Th 25.3 9537.1 257.8 27.7 7000.9 189.2

Th/Th 28.9 6134.0 165.8 30.6 5532.8 149.5

Zr/Y,0s3 35.2 8116.6 219.4 33.8 5728.7 154.8

Be/Ga 35.0 25654.6 693.4 35.2 25338.5 684.8

Modified Rb/Ga 20.3 18317.7 495.1 24.1 13603.2 367.7
Mg/Ga 13.3 17061.9 461.1 25.8 14380.4 388.7

Th/Ga 21.0 19582.5 529.3 25.3 16972.9 458.7

Mg/Th 13.7 17388.4 470.0 25.3 15324.8 414.2

Rb/Th 20.3 18842.6 509.3 23.9 14446.0 390.4

Th/Th 21.2 20103.4 543.3 24.8 18059.7 488.1

Zr/Y-03 26.8 23046.9 622.9 28.2 16854.0 455.5
Be/Ga 28.0 51792.3 1400.0 28.2 51163.5 1382.8

2Cooling time after EOB to reach 95% radionuclidic purity of 67Cu.
bFor a 5-day bombardment with 70 MeV protons at a beam current of 250 pA.

i.e. after a sufficiently long cooling time post EOB, as listed in the tables. The typical cooling
time is between 1 and 2 days. Except for the Be/Ga target, which was included merely for
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academic purposes, with all the other tandem targets a production yield of only a couple of
100 mCi seems possible with the standard target holder. With the modified target holder a
production yield between 400 and 500 mCi seems feasible. We know that the Rb/Ga target will
receive a significant fraction of the available beam from the new 70 MeV cyclotron, hence we
will concentrate the discussion mostly on this case. Our estimates indicate a production yield
below 0.5 Ci even with the modified target holder. This value of 0.5 Ci was an objective that we
hoped to reach. In order to make a significant improvement to the yield, it will be necessary to
relax the requirement for a 95% radionuclidic yield. The use of metallic Zn as the secondary
target material may also improve the yield. These possibilities are discussed next.

Table 7.9 presents a comparison between 5"Cu production yields predicted for the %%Zn
oxide and metallic ®®Zn secondary targets (shown schematically in Figure 7.7), using cross
sections from the TENDL-2019 library. In both cases the equivalent 8Zn content was 500 g,
the bombardment period 5-days, and the beam current 250 pA. Yields are shown for different
cooling times, namely directly after EOB (i.e. no additional cooling beyond the decay that took
place during the bombardment period) as well as at those times when the 5"Cu radionuclidic
purity would reach values of 90% and 95%. It is evident that the radionuclidic purity is already
above 80% at EOB and that cooling times to reach radionuclidic purity levels of 90% and 95%
are relatively short. Nevertheless, by relaxing the requirement for a 95% pure product some
gains in yield can be obtained. Taking into account that some processing time post EOB will
be required, this gain is unlikely to exceed about 30%. There is also a gain when opting for
a metallic target rather than an oxide target, however, this gain is only between 21% and
25%, depending on the waiting time. These gains are not enough to secure a production yield
above 0.5 Ci with a standard target holder. In contrast, with a modified target holder such
productions do indeed seem feasible.

During the course of this investigation, a Fortran code was developed to compute 5”Cu yields
and radionuclidic purities for Zn targets of any composition of stable Zn constituents (i.e. any
combination of %4Zn, %6Zn, 57Zn, %8Zn, and "°Zn, which are the constituents of natural Zn). In
the input file one can supply the percentage of each stable Zn, the bombardment time, cooling
time, beam current, and target size. Either TENDL-2019 or TENDL-2021 cross sections can

be selected. Any neutron spectrum can be provided, as long as it has the modified LaBauve

Table 7.9: Predicted ®”Cu production yields from secondary-neutron activation of 100% enriched ®*Zn in
a new 70 MeV target station, using TENDL-2019 cross sections. Comparison of %Zn0O and
metallic ®®Zn secondary targets (see Fig. 7.7).

Target  Cooling® Purity Yield (°®Zn oxide)® Cooling® Purity Yield (®®Zn metal)®
holder time (h) (90) (MBq) (mCi) time (h) (90) (MBq) (mCi)

Standard 0.0 84.1 12668.4 342.4 0.0 82.4 15823.8 427.7
12.3 90.0 11036.4 298.3 15.2 90.0 13345.5 360.7
29.4 95.0 9108.5 246.2 32.3 95.0 11014.5 297.7

Modified 0.0 86.5 22460.1 607.0 0.0 85.1 36096.7 975.6
8.0 90.0 20542.8 555.2 10.6 90.0 32047.6 866.2
27.7 95.0 16457.5 444.8 28.0 95.0 26378.0 7129

2Cooling time (in hours) after EOB to reach the 7Cu radionuclidic purity indicated in the subsequent column.
bFor a 5-day bombardment with 70 MeV protons at a beam current of 250 pA.
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energy-group structure given in Appendix B. This allowed yield and purity comparisons from
different Zn target materials to be made. Of most interest was a comparison between "*'Zn,
100% enriched %Zn, and the s[®®Zn] material defined in Table 6.3, the latter of which was
used in the activation experiments of this work. Table 7.10 presents this comparison for the
different Zn compositions as oxide targets, again assuming a 5-day bombardment at a beam
current of 250 pA. The primary target was Rb/Ga, which is envisaged to be the most exploited
configuration at the new 70 MeV cyclotron facility. TENDL-2019 cross sections were used and
the neutron spectrum used was obtained from an MCNP6 simulation with the CEM physics
selection.

It is evident from Table 7.10 that with a secondary ZnO target having natural Zn compo-
sition, the yield is both low and of poor radionuclidic purity. This is mainly due to the copi-
ous amounts of co-produced %‘Cu. Such a product will not have any applicability in patient
treatments but may be of value in developing or testing the separation chemistry. To obtain
a product with good radionuclidic purity clearly requires the use of highly enrichment %Zn.
In practice, a 100% level of enrichment will be unlikely to be obtained. This, however, may
not be necessary. The results in Table 7.10 for the s[®®*Zn] and monoisotopic %*Zn secondary

targets are very similar. This is fortunate. There was some concern that reactions such as

Table 7.10: Predicted °"Cu production yields from secondary-neutron activation of ZnO targets, having
different Zn isotopic compositions, in a new 70 MeV target station. Cross sections were taken
from the TENDL-2019 library.

Case 1: Rb/Ga primary target in standard target holder

Cooling time Secondary target

(hours) natzn oxide 687n oxide s[8Zn] oxide
(Yield*) (Purity (Yield®) (Purity (Yield*) (Purity

(mCi) (%) (mCi) (%) (mCi) (%)

0 72.3 4.6 342.4 84.1 339.1 83.5

12 63.2 7.7 299.3 89.9 296.5 89.5

24 55.3 12.4 261.6 93.7 259.1 93.5

36 48.3 19.3 228.7 96.2 226.5 96.0

48 42.2 28.6 199.9 97.7 198.0 97.6

Case 2: Rb/Ga primary target in modified target holder

Cooling time Secondary target

(hours) natzn oxide 687n oxide s[%8Zn] oxide
(Yield?) (Purity (Yield*) (Purity (Yield*) (Purity

(mCi) (%) (mCi) (%) (mCi) (%)

0 129.2 4.2 607.0 86.5 601.3 85.9

12 113.0 7.0 530.6 91.5 525.6 91.1

24 98.8 11.3 463.8 94.8 459.4 94.5

36 86.3 17.7 405.5 96.8 401.6 96.7

48 75.5 26.5 354.4 98.1 351.1 98.0

“For a 5-day bombardment with 70 MeV protons at a beam current of 250 pA.
Conversion to alternative units: 1 mCi = 3.7 x 107 Bq.
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64Zn(n,p)%*Cu might have a detrimental effect on 5”Cu radionuclidic purity, even with low levels

of 4Zn present in the target material. It transpired, however, that s[%8Zn] is of suitable quality.

7.5 COMMENTS IN CONCLUSION

Facilities allowing harvesting of projectile fragments, e.g. FRIB [ , , 1.
provide fantastic opportunities for scientific discovery. This is their chief role. That kind of
technology is unlikely to be suitable for “Cu production on an industrial scale. We think the
same applies to intense neutron sources (e.g. the European Spallation Source (ESS) in Swe-
den), although their ability for large-scale production is not doubted. The primary roles of the
above facilities are different, serving the needs of exotic physics experiments, with the supply
of radionuclides somewhat secondary. They are large, expensive and complex facilities. It is
entirely possible that the future will select the photonuclear production route as the most suit-
able for industrialization, which seems to have already started to happen for the radionuclide
99Mo, utilizing the reaction °*Mo(y,n)*Mo | , l.

Photonuclear production also has huge challenges, most notably the supply and recovery
of highly enriched target material in bulk quantities. A recent article by Tkac et al. [ 1,
for example, reports on processing of 1Mo target batches of up to 600 g per batch, which is a
large undertaking. A big advantage of photonuclear production is the significant simplification
in the required infrastructure, especially from the accelerator side. The electron accelerators
required for producing the bremsstrahlung photons are relatively simple machines. Ultimately,
the future success of large-scale photonuclear production of radionuclides, and perhaps also
production via neutron-induced reactions, depends on the availability of enriched target mate-

rials in bulk quantities.

7.5.1 Comments on enrichment - economies of scale

Sufficient production of ”Cu to perform large-scale clinical trials has hitherto been hampered
by the lack of availability and high cost of highly enriched °®Zn, which is required for targetry.
In a 2012 publication by Engle et al. | ], a price of US$3/mg was reported. Pricing
at that level will constitute a road block to many producers or potential producers. In fact,
many potential production routes are effectively closed due to similar issues for a whole range
of radionuclides. While %8Zn is abundant on Earth, its availability as an enriched stable isotope
has remained a major obstacle. It is possible, however, that this situation may change in the
foreseeable future as a result of economies of scale.

We found it difficult to obtain reliable market information on the current supply and pricing
of enriched %8Zn. Reports on relevant market research can be found online but access beyond
the Table of Contents pages are typically barred; such reports can sometimes be purchased but
at an extremely high cost. Two other examples in the nuclear field are therefore highlighted
here to shed light on the power of economies of scale.

The PET radionuclide '8F is predominantly produced via the proton bombardment of #O-
water, with the 180 enrichment at a level of typically 98 atom% or higher. As '80 has a very

low natural abundance of only 0.205%, many successive cycles of enrichment are required
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to achieve this high level. A report that is available on the International Nuclear Information
System (INIS) of the IAEA [ ] provides data on the total world supply of *O-water in
the years 1997 to 1999, with estimates for the years 2000 and 2001:

¢ 1997: 35kg
¢ 1998: 20kg
* 1999: 65 kg
* 2000: 85 kg
* 2001: 100 kg

The report mentions that there were only four producers of *O-water in the world in 1999.
Older staff members at iThemba LABS remember a time where users had to meticulously
collect spent 80-water and send it back to the manufacturers for reprocessing. As production
volumes went up and prices came down, the cost of reprocessing became comparable to fresh
production and this practice was stopped. Today there are many more commercial producers.
While most producers do not often divulge their production capacities, there is at least one
exception. A visit to the websites of eight major producers provided an exception, namely a
producer in Japan, who mentions an annual production of 600 kg since 2015. Thus, one can
deduce that current world demand is met by the commercial producers and amounts to several
metric ton of '*O-water per year. At iThemba LABS it is treated as just another consumable.

A joint report in 2020 by the Nuclear Energy Agency (NEA) and the IAEA | | contains
a vast amount of information on the resources, production and demand for uranium required
by the nuclear reactor sector, mainly for power generation. At the time of writing, about 450
nuclear reactors were connected to electricity grids and about 55 were under construction.
Global uranium requirements were about 59 200 tU (metric tons of natural uranium) per year,
equivalent to between 10000 and 11000 ton of Low Enriched Uranium (LEU) fuel per year.
Commercial ?*°U enrichment is nowadays mainly performed using the gas centrifuge process,
which is about 50 times more efficient than a prior process based on gaseous diffusion used
at legacy enrichment plants. The Uranium Enrichment Consortium (URENCO) is progressively
adding the enrichment of other stable nuclides to their list benefitting from this technology,
including the stable isotopes of Zn. This may, perhaps, be the beginning of another revolution

that will change the radionuclide production landscape in the years to come.
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Chapter 8

Summary and Conclusion

This chapter reviews the main aspects addressed in the study and highlights some of the more
salient conclusions. Some possibilities for further investigations are also pointed out.

The new 70 MeV H~ cyclotron facility at iThemba LABS, still under construction but about
90% complete at the end of August 2022, is expected to deliver first beam in the early months
of 2023. The commissioning of the new target stations and their ancillary facilities (such as
cooling systems, the target transport and handling systems, etc.), as well as the transfer of rou-
tine radionuclide production activities from the SSC to the new facility, will happen in stages,
which may take a couple of years to reach full maturity. Some of the first radionuclides that
will be migrated to the new facility will be the main long-lived export products, namely ??Na,
68Ge and 32Sr, which have been produced with 66 MeV proton beams from the SSC for several
decades. The 70 MeV cyclotron will be the ideal machine for their production. The laboratory
will be looking for new products to be added to this list, in order to fully utilize the expanded
production capacity. One candidate may be %Y, amongst numerous other possibilities.

While a 70 MeV H™ cyclotron is an excellent choice for the production of many radionuclides,
there are some high-value radionuclides in great demand that cannot be bulk produced with
such a machine. This is the case for the therapeutic radionuclides "Cu and ??°Ac. Even though
a 70 MeV cyclotron is not the accelerator of choice for their bulk production, some production
is possible on a smaller scale. This may be very useful for pre-clinical trials and/or the support
of experimental investigations that require these scarce radionuclides.

The inclusion of natural Th targets in tandem-target configurations was investigated, based
on an expanded nuclear database for Th + p cross sections after measuring new data by means
of the stacked-foil technique. In particular, this study greatly improved the database at energies
in the threshold region and in the region 40 to 70 MeV. It was clearly shown that 70 MeV
H~ cyclotrons can contribute to the supply of 23°U/?2Th generators and ?*’Ac, both having
potential in targeted alpha-particle therapy (TAT). This will be a difficult endeavour, however,
not only because thorium, as a fissionable material, is a controlled substance with significant
procurement issues. These obstacles can hopefully be overcome, taking into account that
thorium is not scarce on Earth, about as abundant as lead. One possibility may be to perform
the bombardment of Th targets at iThemba LABS and ship the targets in depleted uranium (DU)
shipping containers to Necsa (at Pelindaba near Pretoria) for processing. Necsa has much larger

hot-cell processing facilities than iThemba LABS and years of experience in the processing and
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handling of fissionable materials. Such an arrangement will also simplify various licensing
requirements. Indeed, such collaborations are not unusual; Irradiated Th targets are routinely
shipped from the Los Alamos National Laboratory (LANL) to the Oak Ridge National Laboratory
(ORNL) for processing.

A separate investigation was made on Th+p reactions in the energy region 100-200 MeV,
with the main aim to provide more data relevant to the concept of a ?2°Ra/??5Ac generator. Such
generators would provide 2?°Ac with negligible radionuclidic contamination from other actinium
radionuclides, notably ?2”Ac. iThemba LABS will have to develop a high-intensity capability for
200 MeV proton beams on the SSC to make this a viable prospect. This is something that
is technically possible. Based on our new cross-section results, a more reliable and complete
database is available now to estimate the production conditions of the ??°Ra/??°Ac generator in

this energy region.

A part of this project focused on exploiting the secondary neutron flux behind a tandem
target under bombardment with a proton beam with an energy of either 66 or 70 MeV. These
neutrons are always present when beam is on target and may be a useful resource. It was
shown that ®”Cu can be produced with neutron-induced reactions to a very high radionuclidic
purity, on condition that the secondary target material is highly enriched °®Zn. The procure-
ment of such enriched material, in sufficient quantities, may be problematic at the present
time but there are strong indications that economies of scale at enrichment facilities may solve
this problem in the future. A higher "Cu yield can be obtained by exploiting proton-induced
reactions on %Zn targets directly but the radionuclidic purity will always be lower at EOB,
requiring a longer cooling time before such a product can be used on patients. Nevertheless,
this may also be something for iThemba LABS to consider. The cost of the target material can
be reduced by recovering the enriched Zn for re-use, which is a standard practice in this field.
Accelerator-produced neutrons may become important in radionuclide production. While the
secondary neutron flux at a 70 MeV H™ cyclotron facility may be too low to satisfy certain
production needs, intense neutron fluxes from deuteron breakup on Be targets may perhaps

become an attractive technology for this purpose in future.

Monte Carlo simulations played a major role in this thesis project. A possible future project
may focus on more experimental work to compare with the simulations. It may be interesting
to actually construct the secondary ZnO and metallic Zn targets proposed in Chapter 7, using
natural Zn instead of enriched Zn to keep costs realistic, and to neutron activate them in one
of the new target stations when 70 MeV proton beams become available. Such an investigation
will require extensive radiochemical processing, which should form part of the project. The
chemical recovery of the Zn target material can also be included in the investigation. Monte
Carlo simulations for natural Zn targets will provide a useful comparison with experimental
yield measurements, which will assist to refine the Monte Carlo models and improve predictions
for enriched secondary targets. The study can also be expanded to include natural Zn in the
primary tandem target, both from the point of view of neutron production as well as "Cu

production by proton-induced reactions.

When we started the neutron activations of small samples behind a VBTS target and word of

this activity started to spread, we were approached by other scientists to also neutron activate
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samples for them. These were mainly for nuclear structure studies of beta emitters close to the
line of stability. This made us aware of such other experimental possibilities, which may be

pursued once regular beams become available from the 70 MeV cyclotron.
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Appendix A

Neutron source terms in coarse energy

intervals — additional information

This appendix contains additional information relevant to Chapter 5. Neutron fluxes and yields
are according to Monte Carlo simulations with the code MCNP6. The Cascade-Exciton Model

(CEM) was enabled to calculate cross sections missing from the default tables of the code.
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Figure A.1: Comparison of neutron flux ratios for various tandem targets relative to the Rb/Ga target,
as indicated, for the case of total neutrons emitted in 47 space. Above 1 MeV the scale on the x-axis is
linear (black text) but below 1 MeV it is logarithmic (red text). The red dashed line represents the case for
the Rb/Ga target itself, while the black histogram represents the indicated target.
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Table A.1: Total neutron yield and forward neutron flux in coarse energy bins for a Rb/Ga tandem target
under bombardment with a 70 MeV proton beam.

Energy range 47 neutron yield Forward neutron flux

(MeV) (neutrons/pAh) (neutrons/cm?-pAh)
thermal — 0.001 4.553 x 10'2 1.053 x 1010
0.001 — 0.01 1.253 x 1013 2.888 x 1010
0.01 — 0.1 5.796 x 10'3 1.289 x 10!
0.1 - 1.0 5.220 x 10 1.079 x 102
1.0 -+ 5.0 8.885 x 104 1.891 x 10'2
5.0 - 10.0 1.510 x 104 4.241 x 101
10.0 — 15.0 5.673 x 1013 2.250 x 10!
15.0 — 20.0 3.718 x 10%3 1.702 x 10!
20.0 — 25.0 2.732 x 10%3 1.368 x 10!
25.0 — 30.0 2.069 x 1013 1.153 x 10!
30.0 — 35.0 1.700 x 10'3 1.090 x 10!
35.0 — 40.0 1.422 x 10*3 1.048 x 10!
40.0 — 45.0 1.102 x 10%3 8.905 x 1010
45.0 — 50.0 7.543 x 10'2 6.607 x 1010
50.0 — 55.0 4.331 x 102 4.125 x 10'°
55.0 — 60.0 1.310 x 10'2 1.339 x 1010
60.0 — 65.0 1.487 x 10! 1.493 x 10"
65.0 — 70.0 3.708 x 1010 4.418 x 10%
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Table A.2: Total neutron and forward neutron flux ratios for selected tandem targets relative to the
Rb/Ga target under bombardment with a 70 MeV proton beam.

Energy range Ratio of total 47 neutron yield (neutrons/uAh) relative to Rb/Ga case
(MeV) Be/Ga Mg/Ga Mg/Th Rb/Ga Rb/Th Th/Ga Th/Th Zr/Y;0s3

thermal — 0.001  0.92 0.56 0.78 1.00 1.24 2.17 2.56 1.75
0.001 — 0.01 0.86 0.56 0.74 1.00 1.19 2.07 2.37 1.67

0.01 — 0.1 0.82 0.54 0.72 1.00 1.20 2.08 2.36 1.56
0.1—-1.0 0.60 0.45 0.64 1.00 1.23 2.04 2.35 1.47
1.0 - 5.0 0.62 0.49 0.60 1.00 1.13 1.87 2.03 1.35
5.0 —» 10.0 1.27 0.63 0.66 1.00 1.03 1.52 1.56 1.19
10.0 —+ 15.0 1.98 0.73 0.69 1.00 0.95 1.09 1.04 1.07
15.0 — 20.0 2.06 0.76 0.72 1.00 0.95 1.02 0.96 1.05
20.0 — 25.0 2.11 0.79 0.76 1.00 0.97 0.97 0.93 1.06
25.0 — 30.0 2.56 0.80 0.80 1.00 1.00 0.91 0.91 1.08
30.0 — 35.0 3.22 0.77 0.77 1.00 1.00 0.85 0.86 1.07
35.0 — 40.0 3.12 0.71 0.71 1.00 1.00 0.82 0.82 1.05
40.0 — 45.0 2.87 0.64 0.64 1.00 1.00 0.82 0.82 1.04
45.0 — 50.0 3.02 0.59 0.59 1.00 1.00 0.86 0.86 1.11
50.0 — 55.0 3.82 0.62 0.63 1.00 1.00 0.90 0.90 1.25
55.0 — 60.0 4.36 0.76 0.76 1.00 1.00 1.09 1.09 2.03
60.0 — 65.0 0.99 0.98 0.98 1.00 1.00 0.99 0.99 4.23
65.0 — 70.0 0.96 0.99 1.00 1.00 1.04 0.95 1.00 1.03
Total 0.87 0.52 0.63 1.00 1.14 1.80 1.98 1.35
Energy range Ratio of forward neutron flux (neutrons/cm?-;Ah) relative to Rb/Ga case
(MeV) Be/Ga Mg/Ga Mg/Th Rb/Ga Rb/Th Th/Ga Th/Th Zr/Y;0;3
thermal — 0.001 0.87 0.48 0.68 1.00 1.19 1.60 1.83 1.28
0.001 — 0.01 0.84 0.53 0.66 1.00 1.16 1.51 1.72 1.25
0.01 — 0.1 0.78 0.52 0.68 1.00 1.18 1.46 1.64 1.12
0.1—-1.0 0.63 0.45 0.67 1.00 1.29 1.47 1.70 1.11
1.0 - 5.0 0.72 0.49 0.59 1.00 1.13 1.28 1.39 1.01
5.0 —» 10.0 1.31 0.65 0.61 1.00 0.96 0.97 0.94 0.85
10.0 —» 15.0 1.80 0.74 0.63 1.00 0.86 0.76 0.67 0.78
15.0 — 20.0 1.97 0.80 0.70 1.00 0.87 0.74 0.65 0.79
20.0 — 25.0 1.97 0.86 0.82 1.00 0.93 0.71 0.65 0.83
25.0 — 30.0 2.37 0.92 0.92 1.00 1.00 0.67 0.66 0.89
30.0 — 35.0 3.44 0.88 0.87 1.00 1.00 0.62 0.62 0.92
35.0 — 40.0 3.67 0.74 0.74 1.00 1.00 0.60 0.60 0.91
40.0 — 45.0 3.60 0.60 0.59 1.00 1.00 0.63 0.63 0.95
45.0 — 50.0 3.81 0.48 0.48 1.00 1.00 0.69 0.69 1.05
50.0 — 55.0 4.84 0.49 0.49 1.00 1.00 0.75 0.76 1.23
55.0 — 60.0 5.87 0.59 0.59 1.00 1.00 0.98 0.98 2.09
60.0 — 65.0 0.94 0.93 0.95 1.00 0.99 0.98 0.99 4.95
65.0 — 70.0 0.95 0.97 1.00 1.00 1.03 0.97 0.99 1.02
Total 1.22 0.56 0.64 1.00 1.11 1.17 1.26 1.00
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Appendix B

Modified LaBauve energy-group structure

Table B.1: Group boundaries (bins) of the Modified LaBauve neutron multigroup structure.

Gr Lower limit Upper limit Gr Lower limit Upperlimit Gr Lower limit Upper limit
no (MeV) (MeV) no (MeV) (MeV) no (MeV) (MeV)
1 1.000E-11 5.000E-09 41 1.997E-02 2.526E-02 81 3.000E+01 3.100E+01
2 5.000E-09 1.000E-08 42 2.526E-02 4.087E-02 82 3.100E+01 3.200E+01
3 1.000E-08 1.500E-08 43 4.087E-02 6.738E-02 83 3.200E+01 3.300E+01
4 1.500E-08 2.000E-08 44 6.738E-02 1.111E-01 84 3.300E+01 3.400E+01
5 2.000E-08 2.500E-08 45 1.111E-01 1.832E-01 85 3.400E+01 3.500E+01
6 2.500E-08 3.000E-08 46 1.832E-01 3.020E-01 86 3.500E+01 3.600E+01
7 3.000E-08 3.500E-08 47 3.020E-01 3.887E-01 87 3.600E+01 3.700E+01
8 3.500E-08 4.200E-08 48 3.887E-01 4.979E-01 88 3.700E+01 3.800E+01
9 4.200E-08 5.000E-08 49 4.979E-01 6.393E-01 89 3.800E+01 3.900E+01
10 5.000E-08 5.800E-08 50 6.393E-01 8.209E-01 90 3.900E+01 4.000E+01
11 5.800E-08 6.700E-08 51 8.209E-01 1.000E+00 91 4.000E+01 4.100E+01
12 6.700E-08 8.000E-08 52 1.000E+00 2.000E+00 92 4.100E+01 4.200E+01
13 8.000E-08 1.000E-07 53 2.000E+00 3.000E+00 93 4.200E+01 4.300E+01
14 1.000E-07 1.520E-07 54 3.000E+00 4.000E+00 94 4.300E+01 4.400E+01
15 1.520E-07 2.510E-07 55 4.000E+00 5.000E+00 95 4.400E+01 4.500E+01
16 2.510E-07 4.140E-07 56 5.000E+00 6.000E+00 96 4.500E+01 4.600E+01
17 4.140E-07 6.830E-07 57 6.000E+00 7.000E+00 97 4.600E+01 4.700E+01
18 6.830E-07 1.125E-06 58 7.000E+00 8.000E+00 98 4.700E+01 4.800E+01
19 1.125E-06 1.855E-06 59 8.000E+00 9.000E+00 99 4.800E+01 4.900E+01
20 1.855E-06 3.059E-06 60 9.000E+00 1.000E+01 100 4.900E+01 5.000E+01
21 3.059E-06 5.043E-06 61 1.000E+01 1.100E+01 101 5.000E+01 5.100E+01
22 5.043E-06 8.315E-06 62 1.100E+01 1.200E+01 102 5.100E+01 5.200E+01
23 8.315E-06 1.371E-05 63 1.200E+01 1.300E+01 103 5.200E+01 5.300E+01
24 1.371E-05 2.260E-05 64 1.300E+01 1.400E+01 104 5.300E+01 5.400E+01
25 2.260E-05 3.727E-05 65 1.400E+01 1.500E+01 105 5.400E+01 5.500E+01
26 3.727E-05 6.144E-05 66 1.500E+01 1.600E+01 106 5.500E+01 5.600E+01
27 6.144E-05 1.013E-04 67 1.600E+01 1.700E+01 107 5.600E+01 5.700E+01
28 1.013E-04 1.670E-04 68 1.700E+01 1.800E+01 108 5.700E+01 5.800E+01
29 1.670E-04 2.754E-04 69 1.800E+01 1.900E+01 109 5.800E+01 5.900E+01
30 2.754E-04 4.540E-04 70 1.900E+01 2.000E+01 110 5.900E+01 6.000E+01
31 4.540E-04 7.485E-04 71 2.000E+01 2.100E+01 111 6.000E+01 6.100E+01
32 7.485E-04 1.234E-03 72 2.100E+01 2.200E+01 112 6.100E+01 6.200E+01
33 1.234E-03 2.035E-03 73 2.200E+01 2.300E+01 113 6.200E+01 6.300E+01
34 2.035E-03 2.404E-03 74 2.300E+01 2.400E+01 114 6.300E+01 6.400E+01
35 2.404E-03 2.840E-03 75 2.400E+01 2.500E+01 115 6.400E+01 6.500E+01
36 2.840E-03 3.338E-03 76 2.500E+01 2.600E+01 116 6.500E+01 6.600E+01
37 3.338E-03 5.603E-03 77 2.600E+01 2.700E+01 117 6.600E+01 6.700E+01
38 5.603E-03 9.403E-03 78 2.700E+01 2.800E+01 118 6.700E+01 6.800E+01
39 9.403E-03 1.505E-02 79 2.800E+01 2.900E+01 119 6.800E+01 6.900E+01
40 1.505E-02 1.997E-02 80 2.900E+01 3.000E+01 120 6.900E+01 7.000E+01

147



Appendix C

Calculated physical yields: TENDL-2019

Table C.1: Physical yields determined from TENDL-2019 cross sections and neutron spectra generated
with MCNP 6.2.

Physical yield (Bq uAh~' g=!)

ID Reaction Bertini Bertini CEM INCL ISABEL ISABEL
ABLA Dresner ABLA ABLA Dresner

1 “Be(n,3n)"Be 45.4 45.4 39.6 29.9 47.5 47.5
2  2Na(n,2n)*’Na 46.7 46.5 32.5 23.4 49.1 49.0
3 2Na(n,7)**Na 2752.8 3447.9 2547.0 2700.2 2569.4 3252.7
4 mtMg(n,x)*2Na 10.2 10.2 8.64 6.45 10.7 10.7
5 maMg(n,x)**Na 82008.9 75683.1 56376.8 49509.2 82503.8 77845.8
6 27Al(n,x)*?Na 1.09 1.10 0.97 0.74 1.14 1.14
7 ?27Al(n,x)?**Na 47028.4 43888.7 32455.7 27674.9 47579.0 45297.3
8 "Tin,x)*"Ca 33.8 33.3 24.1 17.8 35.3 35.0
9 netTi(n,x)**™Sc 178.4 178.4 154.4 116.4 187.0 186.7
10 ™*Ti(n,x)*5Sc 222.0 214.7 170.5 136.8 229.2 223.4
11 "™Tin,x)*"Sc 9033.0 8904.5 6493.4 4893.5 9450.3 9338.6
12 ™*Ti(n,x)**Sc 4401.0 4227.6 3058.4 2425.6 4531.7 4406.4
13 % Mn(n,x)*¥V 0.26 0.26 0.31 0.28 0.27 0.27
14 %*Mn(n,x)*'Cr 11.8 11.8 13.2 11.2 12.2 12.2
15 5Mn(n,4n)°’Mn 222.8 223.2 210.5 162.0 231.6 231.4
16 %Mn(n,2n)**Mn 344.2 338.7 233.7 171.3 359.5 355.9
17 ®9Co(n,x)>Mn 0.52 0.52 0.63 0.58 0.54 0.54
18 %9Co(n,x)**Mn 8.26 8.26 6.77 4.99 8.69 8.68
19 59Co(n,p)*°Fe 192.7 177.6 132.9 119.5 193.8 182.3
20 %°Co(n,4n)**Co 15.6 15.7 14.6 11.3 16.3 16.3
21 %9Co(n,3n)°’Co 90.7 90.6 67.4 48.4 95.8 95.7
22 %9Co(n,2n)*®Co 1378.8 1358.4 941.6 688.7 1441.2 1428.2
23  %9Co(n,v)%°Co 21.3 27.8 20.3 21.6 19.8 26.4
24 ™*Ni(n,x)°'Cr 1.67 1.67 1.37 1.03 1.76 1.76
25 "Ni(n,x)*’Mn 19.2 19.2 20.6 16.8 19.9 19.9
26 "*Ni(n,x)**Mn 6.97 6.96 5.03 3.63 7.36 7.35
27 ™*'Ni(n,x)*°Fe 4.59 4.52 3.29 2.44 4.80 4.75
28 "Ni(n,x)%¢Co 114.5 114.5 90.0 65.6 120.7 120.5
29 "Ni(n,x)°"Co 292.5 288.5 202.0 147.9 306.0 303.3
30 "°Ni(n,x)°®Co 1501.6 1237.4 1118.1 1346.4 1399.0 1179.8
31 "™Ni(n,x)%°Co 2.78 2.59 1.93 1.67 2.81 2.67
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Table C.1: Physical yields determined from TENDL-2019 cross sections and neutron spectra generated
with MCNP 6.2 (continuing from previous page).

Physical yield (Bq uAh~' g

ID Reaction Bertini Bertini CEM INCL ISABEL ISABEL

ABLA Dresner ABLA ABLA Dresner
32 "Ni(n,xn)’°Ni 23.7 23.7 19.6 14.5 24.9 24.9
33 "Ni(n,xn)°"Ni 4256.3 4230.3 2994.7 2164.4 4473.7 4455.8
34 m7Zn(n,x)*®Co 1.97 1.97 2.05 1.66 2.05 2.04
35 "Zn(n,x)%Cu 56426.2 47897.8 41651.9 47040.7 53693.5 46660.4
36 ™*Zn(n,x)%"Cu 842.9 836.7 601.1 439.1 886.2 880.9
37 ™Zn(n,x)%Zn 128.8 132.7 95.3 77.4 132.0 135.4
38 "Zn(n,x)%™mZn 1240.0 1255.0 935.6 823.1 1244.8 1254.6
39 5s[%Zn](n,x)%*Cu 19254.5 19184.8 15470.3 11500.2 20215.7 20130.7
40 s[%Zn](n,x)%°Zn 343.5 339.7 235.7 171.2 359.9 357.5
41 s[%"Zn](n,x)%*Cu 8098.5 7856.2 7087.6 5858.7 8297.2 8083.8
42  s[%"Zn](n,x)%"Cu 2556.2 2445.8 1779.6 1442.5 2625.3 2542.0
43  s[%"Zn](n,x)%Zn 129.6 129.6 93.8 67.3 136.9 136.8
44  s[%Zn](n,x)*"Cu 3935.4 3927.5 2812.2 2021.1 4152.0 4142.8
45 s[%%Zn](n,x)%Zn 26.3 26.3 23.4 17.7 27.5 27.4
46 s[%Zn](n,x)%°™Zn 3179.9 3322.1 2631.6 2648.0 3058.3 3151.8
47 ™'Br(n,x)"°Se 1.86 1.86 2.03 1.67 1.93 1.92
48 "%Br(n,x)"*As 32.3 32.3 26.7 19.8 34.0 33.9
49 n"Br(n,xn)”’Br 6561.5 6558.2 4870.6 3500.9 6933.0 6922.3
50 3'Br(n,)%?Br 35269.3 49189.0 33886.8 36566.8 32978.5 45579.0
51 "Rb(n,x)*’Br 778.9 773.2 595.4 442.1 815.1 810.8
52 "Rb(n,xn)**Rb 246.7 246.5 181.2 129.8 260.8 260.3
53 "**Rb(n,xn)**Rb 1952.8 1923.6 1342.8 984.5 2039.7 2021.2
54 "Rb(n,x)*Rb 2806.2 3309.1 2277.9 2106.1 2784.9 3252.1
55 3Y(n,x)%Rb 2.61 2.61 2.77 2.24 2.70 2.70
56 %9Y(n,x)®**Rb 30.0 30.0 26.1 19.6 31.4 31.4
57 ®9Y(n,x)®Rb 75.5 74.8 53.3 39.1 79.1 78.6
58 89Y(n,4n)%Y 5888.1 5898.5 5580.0 4296.1 6116.9 6111.7
59 8Y(n,3n)%"Y 8651.3 8645.7 6446.4 4619.2 9144.2 9130.2
60 ®Y(n,3n)®" ™Yy 36756.7 36733.9 27495.4 19721.8 38844.0 38784.7
61 39Y(n,2n)%%Yy 773.9 764.8 524.0 380.2 810.6 804.9
62 9Nb(n,x)®*Y 47.6 47.7 48.0 38.0 49.4 49.3
63 9Nb(n,x)%¥Y 7.02 7.02 5.80 4.29 7.37 7.36
64 93Nb(n,x)%Zr 112.4 112.5 121.6 99.8 116.5 116.3
65 ?3Nb(n,4n)’°Nb 7163.9 7172.6 6409.8 4859.0 7483.2 7475.2
66 93Nb(n,3n)°'™Nb 98.4 98.4 71.6 51.3 104.0 103.9
67 93Nb(n,2n)??"Nb 2839.5 2743.6 1936.0 1484.0 2930.8 2866.4
68 103Rh(n,x)%Tc 105.8 105.8 119.6 100.1 109.6 109.3
69 19Rh(n,p)!*Ru 64.8 60.0 44.9 39.7 65.3 61.7
70 193Rh(n,5n)?9Rh 19.9 19.9 20.1 15.9 20.6 20.5
71 193Rh(n,4n)'°°Rh 3253.7 3255.4 2693.1 1985.4 3419.3 3415.0
72 '9Rh(n,3n)!°YRh 5.29 5.29 3.62 2.56 5.61 5.60
73 '93Rh(n,3n)'°'Rh 5487.6 5483.4 3784.4 2674.9 5810.9 5801.0
74 193Rh(n,2n)!°29Rh 165.3 159.6 111.9 85.7 170.5 166.8
75 103Rh(n,2n)'°?”Rh 27.2 26.5 18.4 13.8 28.2 27.8
76 "'Ag(n,x)!%>Rh 503.0 502.6 366.5 263.1 531.3 530.4
77 ™tAg(n,xn)l%Ag 477 .4 477.2 343.0 245.8 504.5 503.7

149



Table C.1: Physical yields determined from TENDL-2019 cross sections and neutron spectra generated

with MCNP 6.2 (continuing from previous page).

Physical yield (Bq uAh~' g=1)

ID Reaction Bertini Bertini CEM INCL ISABEL ISABEL
ABLA Dresner ABLA ABLA Dresner

78 "Ag(n,xn)!%mAg 2500.9 2448.5 1738.6 1296.2 2601.3 2566.8
79 19Agn,y)H'"Ag 33.6 42.2 30.9 33.8 30.3 38.6
80 "In(n,x)!""Ag 1.60 1.60 1.30 0.96 1.68 1.68
81 'PIn(n,p)!!™Cd 27.3 27.0 19.1 14.0 28.5 28.3
82 mIn(n,xn)!!'In 618.1 617.9 471.3 343.8 651.5 650.5
83 "In(n,x)''*"In 1480.0 1482.7 1041.6 836.1 1516.4 1525.4
84 127I(n,x)'2"Sb 2.85 2.86 3.27 2.77 2.96 2.95
85 127I(n,x)'?2Sb 177.1 177.2 145.9 107.8 186.3 186.0
86 127I(n,x)'?4Sb 11.9 11.8 8.91 6.59 12.4 12.4
87 127I(n,x)'23™Te 7.26 7.27 7.63 6.19 7.53 7.52
88 127I(n,5n)!2%1 5780.0 5789.0 5788.4 4546.4 5985.9 5978.7
89 27I(n,4n)'?41 3272.5 3274.0 2695.7 1985.1 3440.5 3436.1
90 27I(n,2n)'?%1 5631.3 5478.7 3824.6 2880.0 5836.0 5736.3
91 133Cs(n,5n)'?*°Cs 2010.5 2013.7 1989.6 1557.7 2084.0 2081.6
92 133Cs(n,2n)'¥2Cs 11637.5 11332.8 7954.1 5985.7 12070.1 11868.4
93 133Cs(n,y)'**Cs 173.4 230.7 165.2 180.5 161.9 211.3
94 41Pr(n,x)'%%Ce 273.0 272.8 194.0 137.9 288.9 288.4
95 141pr(n,p)!*'Ce 38.7 38.4 27.2 19.8 40.7 40.4
96 '“!'Pr(n,y)'4?Pr 21878.8 29487.8 20966.6 22630.7 20403.0 27330.0
97 "Gd(n,x)'*Eu 63.5 63.4 49.9 36.8 66.7 66.6
98 "Gd(n,x)!°"Eu 1548.8 1547.3 1216.5 894.6 1629.1 1626.1
99 "*Gd(n,xn)'®*'Gd 7.90 7.87 6.84 5.24 8.25 8.22
100 "*Gd(n,x)!%3Gd 54.6 58.7 44.3 37.8 55.5 59.0
101 "™*Gd(n,x)'%°Gd 35268.8 38351.1 27854.4 26716.3 34604.8 37535.0
102 '°Gd(n,)'*'Gd —'6'Tb 2185.0 2769.5 1961.3 2129.7 1904.4 2555.8
103  1%9Tm(n,5n)'%°Tm 5707.7 5717.1 5195.4 3946.7 5946.6 5941.5
104 1%9Tm(n,3n)'$"Tm 4451.3 4444.2 3055.1 2175.6 4702.8 4693.6
105 199Tm(n,2n)'%8Tm 755.2 720.3 515.9 410.1 773.6 749.4
106 18'Ta(n,p)'8'Hf 12.4 12.3 8.81 6.37 13.0 13.0
107 '8'Ta(n,5n)'""Ta 5140.3 5146.6 4397.8 3274.6 5383.1 5378.0
108 '3'Ta(n,)'¥2Ta 1925.3 2551.7 1819.7 2019.1 1796.0 2316.0
109 YAu(n,x)!9%Ir 2.06 2.06 1.72 1.28 2.17 2.16
110 '7Au(n,4n)*Au 11607.7 11596.6 8663.0 6177.8 12284.2 12263.4
111 7Au(n,3n)'°Au 208.4 208.1 140.6 99.8 220.3 219.8
112 1Y7Au(n,2n)'°Au 9398.9 8944.6 6393.2 5098.5 9611.8 9298.8
113 7Au(n,y)'*®9Au 49075.4 64643.3 46654.4 51060.2 45786.4 59174.3
114 "*Tl(n,x)?°%Hg 24.1 24.1 19.0 14.0 25.3 25.3
115 "Tl(n,xn)?°°T1 4360.8 4361.2 3800.5 2878.6 4573.1 4566.1
116 ™*TIl(n,xn)?° Tl 4516.6 4517.0 3507.5 2567.6 4749.2 4742.6
117 "*Tl(n,xn)?°?T1 2729.5 2669.6 1949.9 1464.5 2842.8 2799.9
118 299Bi(n,6n)?°‘Bi 4099.6 4102.4 4561.8 3763.0 4241.3 4233.3
119 299Bi(n,5n)?°°Bi 646.4 647.6 582.0 439.4 673.5 673.0
120 2%9Bi(n,4n)%°°Bi 3458.2 3455.1 2586.8 1846.8 3658.8 3652.7
121 2?99Bi(n,3n)?°"Bi 3.33 3.33 2.24 1.59 3.53 3.52
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Appendix D

Calculated physical yields: TENDL-2021

Table D.1: Physical yields determined from TENDL-2021 cross sections and neutron spectra generated
with MCNP 6.2.

Physical yield (Bq uAh~' g=!)

ID Reaction Bertini Bertini CEM INCL ISABEL ISABEL
ABLA Dresner ABLA ABLA Dresner

1 “Be(n,3n)"Be 45.4 45.4 39.6 29.9 47.5 47.5
2  2Na(n,2n)*’Na 47.3 47.0 32.9 23.6 49.8 49.6
3 2Na(n,7)**Na 3014.9 3731.2 2767.7 2940.6 2815.5 3514.2
4 mtMg(n,x)*2Na 9.83 9.83 8.36 6.24 10.3 10.3
5 maMg(n,x)**Na 81981.0 75693.4 56372.6 49455.6 82499.9 77867.0
6 27Al(n,x)*?Na 1.09 1.10 0.97 0.74 1.14 1.14
7 ?27Al(n,x)?**Na 47028.4 43888.7 32455.7 27674.9 47579.0 45297.3
8 "Tin,x)*"Ca 32.9 32.5 23.5 17.4 34.4 34.1
9 "Tj(n,x)**"Sc 155.3 155.4 130.7 97.5 163.1 162.9
10 ™*Ti(n,x)*5Sc 209.9 203.0 162.2 130.4 216.7 211.1
11 "™Tin,x)*"Sc 9019.3 8891.8 6506.0 4905.4 9435.0 9323.8
12 ™*Ti(n,x)**Sc 4555.9 4383.5 3162.9 2497.1 4696.1 4571.5
13 % Mn(n,x)*¥V 0.14 0.14 0.17 0.15 0.15 0.15
14 %*Mn(n,x)*'Cr 9.82 9.83 11.0 9.34 10.2 10.2
15 5Mn(n,4n)°’Mn 205.7 206.0 196.2 151.5 213.6 213.4
16 %Mn(n,2n)**Mn 342.4 337.0 232.5 170.3 357.6 354.2
17 ®9Co(n,x)>Mn 0.30 0.30 0.37 0.34 0.32 0.32
18 %9Co(n,x)**Mn 8.44 8.44 6.94 5.12 8.87 8.86
19 59Co(n,p)*°Fe 192.0 176.9 132.4 119.2 193.0 181.5
20 %°Co(n,4n)**Co 13.9 14.0 13.2 10.2 14.5 14.5
21 %9Co(n,3n)°’Co 90.0 90.0 67.0 48.1 95.1 95.0
22 %9Co(n,2n)*®Co 1374.4 1354.5 938.4 685.7 1436.9 1424.2
23  %9Co(n,v)%°Co 21.1 27.5 20.1 21.3 19.6 26.1
24 ™*Ni(n,x)°'Cr 1.56 1.56 1.28 0.96 1.64 1.64
25 "Ni(n,x)*’Mn 14.1 14.1 15.3 12.6 14.6 14.6
26 "*Ni(n,x)**Mn 6.64 6.63 4.81 3.47 7.01 7.00
27 ™*'Ni(n,x)*°Fe 3.94 3.88 2.85 2.13 4.12 4.07
28 "Ni(n,x)%¢Co 111.2 111.2 88.0 64.3 117.1 117.0
29 "Ni(n,x)°"Co 295.1 291.2 204.1 149.3 308.8 306.2
30 "°Ni(n,x)°®Co 1491.8 1229.3 1111.5 1339.1 1389.7 1171.8
31 "™Ni(n,x)%°Co 2.72 2.53 1.88 1.63 2.75 2.61
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Table D.1: Physical yields determined from TENDL-2021 cross sections and neutron spectra generated
with MCNP 6.2 (continuing from previous page).

Physical yield (Bq uAh~' g

ID Reaction Bertini Bertini CEM INCL ISABEL ISABEL

ABLA Dresner ABLA ABLA Dresner
32 "Ni(n,xn)’°Ni 24.0 24.0 19.9 14.8 25.2 25.2
33 "Ni(n,xn)°"Ni 4436.1 4410.3 3126.0 2258.2 4663.8 4645.9
34 m7Zn(n,x)*®Co 1.94 1.94 2.03 1.64 2.01 2.01
35 "Zn(n,x)%Cu 55735.2 47342.9 41161.1 46459.7 53048.0 46119.6
36 ™Zn(n,x)%"Cu 871.0 864.2 622.1 455.1 915.5 909.7
37 ™Zn(n,x)%Zn 124.3 128.2 91.7 73.8 127.7 131.1
38 "Zn(n,x)%™mZn 1088.4 1107.3 821.3 722.7 1092.2 1105.7
39 5s[%Zn](n,x)%*Cu 18804.8 18737.4 15198.8 11319.9 19735.6 19652.4
40 s[%Zn](n,x)%°Zn 338.9 335.3 232.9 169.0 355.2 352.9
41 s[%"Zn](n,x)%*Cu 7763.0 7524.2 6820.6 5660.0 7947.4 7737.3
42  s[%"Zn](n,x)%"Cu 2842.7 2717.2 1971.4 1599.4 2918.8 2824.5
43  s[%"Zn](n,x)%Zn 123.7 123.7 90.1 64.7 130.6 130.5
44  s[%Zn](n,x)*"Cu 4021.3 4013.4 2881.2 2071.4 4242.6 4233.1
45 s[%®Zn](n,x)%Zn 23.3 23.4 20.9 15.9 24.3 24.3
46 s[%Zn](n,x)%°™Zn 2759.2 2916.7 2297.1 2315.3 2649.9 2759.0
47 ™'Br(n,x)"°Se 1.33 1.33 1.46 1.22 1.38 1.38
48 "%Br(n,x)"*As 39.9 39.9 32.8 24.2 42.0 41.9
49 n"Br(n,xn)”’Br 6255.1 6252.1 4667.8 3358.0 6608.3 6598.2
50 3'Br(n,)%?Br 35627.1 49586.5 34194.9 36950.3 33307.2 45961.1
51 "Rb(n,x)*’Br 816.9 811.0 626.2 465.3 854.8 850.3
52 "Rb(n,xn)**Rb 240.4 240.3 177.8 127.6 254.1 253.7
53 "**Rb(n,xn)**Rb 1948.4 1920.2 1339.2 980.8 2035.8 2018.0
54 ™*Rb(n,x)%Rb 2808.9 3311.5 2278.8 2105.9 2788.1 3255.3
55 3Y(n,x)%Rb 2.45 2.45 2.63 2.15 2.53 2.53
56 %9Y(n,x)®**Rb 30.7 30.8 26.9 20.2 32.2 32.1
57 ®9Y(n,x)®Rb 75.7 75.0 53.5 39.2 79.3 78.8
58 39Y(n,4n)%Y 5240.4 5249.6 5038.2 3898.5 5439.0 5434.1
59 8Y(n,3n)%"Y 8551.0 8545.7 6408.8 4599.2 9035.4 9021.7
60 ®Y(n,3n)®" ™Yy 37680.2 37658.1 28342.2 20360.1 39807.7 39747.6
61 39Y(n,2n)%%Yy 773.9 765.1 523.9 379.6 810.8 805.4
62 9Nb(n,x)®*Y 49.0 49.1 49.8 39.6 50.8 50.7
63 9Nb(n,x)%¥Y 7.47 7.48 6.18 4.58 7.86 7.85
64 93Nb(n,x)%Zr 97.3 97.3 106.4 87.9 100.8 100.6
65 ?3Nb(n,4n)’°Nb 6587.7 6596.4 5955.0 4529.8 6875.3 6868.1
66 93Nb(n,3n)°'™Nb 125.1 125.1 91.9 66.0 132.2 132.0
67 93Nb(n,2n)??"Nb 3253.3 3159.0 2225.9 1687.5 3368.7 3305.4
68 103Rh(n,x)%Tc 67.5 67.5 79.1 68.1 70.2 70.0
69 19Rh(n,p)!*Ru 63.3 58.5 43.9 39.1 63.8 60.2
70 193Rh(n,5n)?9Rh 12.3 12.4 12.9 10.4 12.8 12.8
71 193Rh(n,4n)'°°Rh 7376.8 7371.8 5066.8 3581.7 7812.0 7798.5
72 193Rh(n,3n)'°YRh 5.30 5.30 3.64 2.58 5.62 5.61
73 '93Rh(n,3n)'°'Rh 6182.8 6178.3 4289.8 3033.7 6547.4 6536.3
74 193Rh(n,2n)!°29Rh 170.7 165.0 115.6 88.2 176.2 172.4
75 103Rh(n,2n)'°?”Rh 26.7 26.0 18.0 13.5 27.7 27.2
76 "'Ag(n,x)!%>Rh 1455.3 1452.4 1012.5 722.3 1536.9 1533.6
77 ™tAg(n,xn)l%Ag 485.7 485.4 342.9 244.0 514.0 513.1
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Table D.1: Physical yields determined from TENDL-2021 cross sections and neutron spectra generated

with MCNP 6.2 (continuing from previous page).

Physical yield (Bq uAh~' g=1)

ID Reaction Bertini Bertini CEM INCL ISABEL ISABEL
ABLA Dresner ABLA ABLA Dresner

78 "Ag(n,xn)!%mAg 2324.0 2278.3 1628.9 1213.1 2418.3 2388.2
79 19Agn,y)H'"Ag 41.0 53.6 38.9 42.6 38.1 49.1
80 "In(n,x)!""Ag 2.13 2.13 1.75 1.29 2.24 2.23
81 'PIn(n,p)!!™Cd 20.1 19.8 14.0 10.3 21.1 20.9
82 mIn(n,xn)!!'In 576.6 576.3 434.2 315.5 608.4 607.4
83 "In(n,x)''*"In 1476.2 1481.7 1039.8 835.7 1512.1 1523.3
84 127I(n,x)'2"Sb 1.93 1.93 2.29 1.99 2.01 2.01
85 127I(n,x)'?2Sb 181.7 181.7 150.5 111.5 190.9 190.7
86 127I(n,x)'?4Sb 11.7 11.6 8.75 6.47 12.2 12.2
87 127I(n,x)'23™Te 3.16 3.16 3.35 2.73 3.28 3.27
88 127I(n,5n)!2%1 3771.5 3776.1 3946.0 3164.7 3902.6 3896.7
89 27I(n,4n)'?41 3071.0 3073.4 2593.8 1925.3 3221.8 3218.0
90 27I(n,2n)'?%1 5722.2 5574.4 3885.6 2917.1 5935.5 5839.0
91 133Cs(n,5n)'?*°Cs 1375.9 1377.8 1418.4 1131.1 1424.5 1422.5
92 133Cs(n,2n)'¥2Cs 11734.6 11441.1 8019.3 6017.6 12180.4 11986.4
93 133Cs(n,y)'**Cs 173.3 230.8 165.1 180.5 161.8 211.4
94 41Pr(n,x)'%%Ce 277.3 277.1 197.9 140.9 293.4 292.9
95 141pr(n,p)!*'Ce 38.3 37.9 26.8 19.6 40.1 39.8
96 '“!'Pr(n,y)'4?Pr 26729.0 35900.2 25582.7 27700.3 24914.3 33237.3
97 "Gd(n,x)'*Eu 67.4 67.3 53.0 39.0 70.9 70.7
98 "Gd(n,x)!°"Eu 1641.9 1640.2 1287.5 946.6 1727.1 1723.8
99 "*Gd(n,xn)'®*'Gd 6.21 6.17 5.30 4.05 6.49 6.45
100 "*Gd(n,x)!%3Gd 51.0 54.9 41.5 35.5 51.8 55.1
101 "™*Gd(n,x)'%°Gd 35750.6 38885.9 28264.6 27067.0 35094.0 38060.5
102 '°Gd(n,)'*'Gd —'6'Tb 2586.7 3476.4 2475.2 2693.0 2404.0 3205.8
103  1%9Tm(n,5n)'%°Tm 4404.6 4412.1 4205.8 3248.8 4574.6 4570.4
104 1%9Tm(n,3n)'$"Tm 4517.6 4511.7 3115.0 2216.4 4774.9 4766.0
105 199Tm(n,2n)'%8Tm 760.5 727.2 519.1 409.9 780.2 757.2
106 18'Ta(n,p)'8'Hf 12.3 12.2 8.74 6.31 12.9 12.9
107 '®'Ta(n,5n)!""Ta 4556.4 4563.8 4073.9 3073.5 4752.3 4748.4
108 '3'Ta(n,)'¥2Ta 2035.6 2689.9 1923.5 2133.8 1897.5 2441.4
109 YAu(n,x)!9%Ir 2.27 2.27 1.90 1.41 2.38 2.38
110 '7Au(n,4n)*Au 11365.4 11358.3 8690.7 6246.3 12013.1 11993.5
111 7Au(n,3n)'°Au 214.9 214.6 145.5 103.2 227.3 226.8
112 1Y7Au(n,2n)'°Au 9719.1 9255.2 6607.1 5263.8 9943.5 9623.6
113 7Au(n,y)'*®9Au 50158.8 65721.0 47621.7 52230.1 46759.3 60148.0
114 "*Tl(n,x)?°%Hg 24.6 24.5 19.3 14.3 25.8 25.8
115 "Tl(n,xn)?°°T1 3753.7 3754.2 3257.5 2470.0 3940.5 3934.6
116 ™*TIl(n,xn)?° Tl 4329.3 4329.7 3392.9 2491.4 4550.2 4543.8
117 "*Tl(n,xn)?°?T1 2777.4 2718.9 1996.9 1498.8 2893.3 2851.4
118 299Bi(n,6n)?°‘Bi 2206.2 2206.5 2575.1 2199.7 2290.2 2285.0
119 299Bi(n,5n)?°°Bi 582.0 583.0 541.0 412.7 604.9 604.4
120 2%9Bi(n,4n)%°°Bi 3503.7 3501.4 2661.7 1909.6 3703.9 3698.0
121 2?99Bi(n,3n)?°"Bi 3.39 3.39 2.29 1.62 3.59 3.58
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