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Abstract

Molybdenum-99 is the parent radionuclide of technetium-99m, which is used in
diagnostic nuclear medicine extensively. Since the large-scale production depends
on a limited number of research reactors, alternative and complementary production
methods are of growing interest. This thesis investigates the feasibility of producing
%Mo by neutron capture on natural molybdenum through the ®*Mo(n, v)**Mo
reaction at a high-current accelerator-based neutron source. The work focuses
on a target-moderator—reflector assembly and examines how neutron transport,
moderation, reflection, and irradiation geometry influence the achievable activity
and specific activity.

The study combines PHITS neutron transport simulations, activation calculations,
and experimental neutron activation benchmarks. Activities measured by gamma-
ray spectrometry for bare and cadmium-covered activation foils were compared
with simulation-based predictions. Two calculation approaches were considered: a
flux analysis method based on thermal, epithermal, and fast flux components, and
a flux folding method using energy-dependent neutron spectra and nuclear data.
The benchmark results showed that the simulation framework can reproduce the
measured activation behaviour with sufficient accuracy for the subsequent design
study, while also indicating the increased sensitivity of epithermal activation to
resonance effects.

A systematic parameter study was then performed for different moderator ma-
terials, reflector materials, reflector thicknesses, irradiation plate positions, and
molybdenum plate thicknesses. The results show that the *’Mo yield is governed
mainly by the epithermal neutron flux and by the balance between neutron ac-
tivation and self-shielding in the molybdenum plates. Among the investigated
configurations, a water moderator combined with a magnesium oxide reflector
was identified as the most practical option when both neutronic performance and
engineering constraints are considered. For an optimized configuration with a
3 cm axial molybdenum plate, three lateral plates, and a six-day irradiation, the
calculated production level is on the order of 2400 Ci of ®Mo, while remaining
within the range of low-specific-activity generator concepts.

Overall, the thesis shows that accelerator-driven neutron capture can provide a
technically plausible route for low-specific-activity Mo production, provided that
neutron spectrum shaping, target geometry, and self-shielding are carefully treated.
Further experimental work on thick molybdenum targets will be important for
refining the model and moving toward an engineering design.
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1 Introduction

Molybdenum-99 (*Mo) and its daughter radionuclide technetium-99m (**"'Tc) are
among the most important radionuclides used in modern nuclear medicine. Its
short half-life and suitable gamma emission for imaging make *"Tc well suited for
use for many diagnostic nuclear medicine procedures worldwide. Maintaining a
reliable supply of Mo therefore remains an essential requirement for healthcare
systems and radiopharmaceutical production.

For *Mo production, the choice of production route depends on nuclear-reaction
yields, neutron-field characteristics, irradiation conditions, target processing, and
the available production infrastructure. The main production routes include uranium-
fission production of Mo, neutron-capture production via **Mo(n, 7)*Mo, pho-
tonuclear production of ’Mo, and direct accelerator-based production of *"Tc. For
medical supply, the most relevant differences between these routes are the obtain-
able activity, product specific activity, processing requirements, radioactive waste
generation, and compatibility with existing production and distribution chains.
Accelerator-driven neutron sources are therefore being considered as complemen-
tary to reactor systems for isotope production, because they can generate neu-
tron fields without relying on a critical reactor core. In particular, High-Current
Accelerator-driven Neutron Sources (HiCANS) provide compact, non-critical neutron-
source concepts that are primarily developed for neutron-scattering, imaging, and
analytical applications, but may also be evaluated for radionuclide production.
This chapter introduces the motivation for the investigation of accelerator-driven
%Mo production, reviews principal production techniques relevant to this work,
introduces the High Brilliance neutron Source (HBS) concept, and states the research
objectives and thesis structure.

1.1 Motivation

Technetium-99m (**"Tc) is the most widely used radionuclide in diagnostic nuclear
medicine and is employed in approximately 80% of all nuclear medicine procedures
worldwide, corresponding to roughly 30 million examinations annually [1, 2].
The radionuclide is obtained from the decay of molybdenum-99 (*?Mo), which
is distributed through “Mo/%"Tc generator systems and subsequently eluted
in hospitals and radiopharmacies. Due to the short half-lives of Mo (t,, ~
66 h) and ""Tc (t;,, ~ 6 h), the supply chain is time-critical and vulnerable to
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interruptions. Any disruption in production, processing, or transportation can
rapidly lead to shortages and delayed diagnostic procedures [1]. Germany alone
performs approximately 60,000 *""Tc-based procedures per week, corresponding to
a demand of roughly 2,400 Ci of Mo activity at the end of irradiation (EOI) [3].

At present, most global ?Mo production relies on the fission of uranium targets in a
limited number of ageing research reactors [1]. While this approach remains highly
efficient and produces high specific activity (HSA) *Mo, it is associated with signif-
icant radioactive waste generation, complex radiochemical separation procedures,
high infrastructure costs, and proliferation concerns related to uranium handling.
Furthermore, production is concentrated in relatively few reactors, several of which
are approaching the end of their operational lifetimes. Planned maintenance out-
ages and unexpected shutdowns have repeatedly caused worldwide shortages of
medical isotopes over the past decades [2, 3].

These limitations have motivated the investigation of reactor-independent or reactor-
complementary routes, including neutron-capture production of *Mo, photonu-
clear production of Mo, and direct cyclotron production of " Tc. For routine
medical supply, however, a production route depends on achievable yield and spe-
cific activity, processing requirements, radionuclidic impurities, radioactive waste
generation, and distribution constraints.

In the present work, the route of interest is neutron capture on Mo via the

BMo(n, )Mo reaction, which provides a direct non-fission pathway to *’Mo.
Since natural Mo contains a substantial fraction of Mo, irradiation of natural Mo
can produce Mo without uranium targets and without fission-product separation.
Compared with uranium-fission production, this route avoids the generation of
tission products in the target and can therefore simplify some aspects of target
handling and post-irradiation processing.

A key limitation of the neutron-capture route is the comparatively low specific
activity of the produced *’Mo. In this carrier-added production route, only a small
fraction of the molybdenum target atoms are converted to Mo, so the product
remains mixed with a much larger amount of stable molybdenum. The thermal
neutron-capture cross section of Mo is relatively small, while the resonance inte-
gral in the epithermal region is substantially larger. Therefore, meaningful Mo
production is strongly enhanced by neutron fields with a strong epithermal com-
ponent. Optimising neutron spectrum, especially the balance between thermali-
sation and conservation of epithermal neutrons, becomes a central challenge for
accelerator-driven neutron-source concepts intended for *Mo production.

Recent developments in HICANS facilities have created new possibilities for such
production schemes. These facilities use high-current proton accelerators and com-
pact target-moderator-reflector (TMR) assemblies to generate intense neutron fields
without relying on a critical reactor core. One example is the proposed High Bril-
liance neutron Source (HBS) concept at Forschungszentrum Jiilich, where a 70 MeV
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high-current proton beam impinges on a tantalum (Ta) target to produce neu-
trons via proton-induced reactions [4]. Although the HBS concept was developed
mainly for neutron scattering, imaging, and analytical applications, the same neu-
tron production principle can also be examined for activation-based radionuclide
production.

The neutron spectrum and flux distribution inside such a TMR assembly depend
strongly on the choice of moderator material, reflector material, irradiation geome-
try, and target configuration. In particular, the achievable ?Mo activity through the
%Mo (n,v)*Mo reaction is sensitive to the epithermal neutron flux and to neutron
self-shielding effects inside thick molybdenum irradiation plates. As a result, a
systematic investigation of moderator and reflector configurations is required to as-
sess whether an HBS-type TMR assembly could produce *Mo activities of practical
relevance.

This thesis investigates the feasibility of producing *’Mo via neutron capture on
natural molybdenum in an HBS-type TMR assembly. The focus lies on how neutron
transport, moderation, reflection, and irradiation geometry influence the achiev-
able activity and specific activity of Mo, while considering practical engineering
constraints associated with realistic neutron source designs. Beyond assessing feasi-
bility in principle, the calculated activities are compared with the estimated demand
of Mo activity in Germany in order to evaluate whether the production levels are
of a relevant order of magnitude. Radiochemical processing, regulatory approval,
and detailed facility design are outside the scope of this work.

Reactor Fission Neutron Capture
25U(n,f)”Mo %BMo(n,y)”Mo
HSA LSA

N

[ 99M0 / 99mTC

Production Routes

g

Cyclotron Production Photo-Fission Photo-Neutron
100Mo(p,2n)99mTc v+28U — fission 100Mo(y,n)*Mo
Direct *"'Tc HSA LSA

Figure 1.1: Overview of principal *Mo and ?*"Tc production routes and their cor-
responding specific activity classifications. HSA: high specific activity
and LSA: low specific activity classifications refer to production routes
where applicable.
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1.2 Molybdenum-99 Production Techniques

The production of Mo and *"Tc can be achieved through several nuclear re-
action pathways, each with different implications for product specific activity,
infrastructure requirements, radioactive waste generation, and distribution logistics.
The routes discussed in this section include uranium-fission production of Mo,
neutron-capture production via **Mo(n, 7)*Mo, direct cyclotron production of
9mTe, photon-induced fission of uranium, and photonuclear production via
10Mo(+y, n)*Mo. Figure 1.1 summarizes these pathways. The remainder of this
section outlines the main advantages and limitations of each route, with emphasis
on reactor-independent options and the role of neutron spectrum optimization for
the “*Mo(n, 7)*Mo pathway.

1.2.1 Fission of Uranium-235

High-flux research reactors remain the dominant infrastructure for large-scale Mo
production, mainly through neutron-induced fission of uranium targets. In a typical
research reactor, the fission of 2°U releases on average approximately 2.5 fast
neutrons per fission event with energies in the MeV range [5]. These neutrons are
subsequently moderated within the reactor core, resulting in a neutron spectrum
consisting of thermal, epithermal, and fast components. Thermal neutrons at room
temperature have characteristic energies of approximately 0.025 eV.

Research reactors are capable of delivering very high neutron fluxes, typically ex-
ceeding 10'* cm 2 s~!, enabling efficient neutron-capture and fission-based isotope
production reactions. For medical isotope applications, the dominant production
route remains the fission of uranium targets for the generation of Mo, which
subsequently decays to *"Tc. This approach produces high-specific-activity (HSA)
Mo, typically on the order of ~ 10* Cig~!, making it suitable for conventional
Mo /P™Tc generator systems used in nuclear medicine [6].

Table 1.1: Operating research reactors relevant to current or planned medical ra-
dioisotope production [7-13].

Reactor Country Role

SAFARI-1 South Africa Medical isotope production

HFR Netherlands  Medical isotopes and irradiation services
BR2 Belgium Medical isotopes & materials research
OPAL Australia Nuclear medicine & neutron research
WWR-c Russia Medical isotopes production

RA-3 Argentina Medical isotopes production

FRM I Germany Research & planned isotope production
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In addition to isotope production, research reactors are generally operated as multi-
purpose facilities supporting neutron experiments, materials testing, fuel irradiation
studies, and basic nuclear research. This broad functionality maximizes the scien-
tific and industrial return on the large infrastructure investments associated with
reactor operation. Table 1.1 lists a selection of operating research reactors currently
contributing to the global medical isotope supply infrastructure.

Despite these advantages, reactor-based isotope production presents important limi-
tations. The fission process generates significant quantities of long-lived radioactive
waste and introduces proliferation concerns associated with the handling and pro-
cessing of enriched uranium targets. Furthermore, global *’Mo production remains
concentrated within a relatively small number of ageing research reactors, making
the supply chain vulnerable to unplanned outages, maintenance shutdowns, and
regulatory interruptions [2, 3, 13]. Several major supply disruptions observed dur-
ing the past decades have demonstrated the fragility of this centralized production
model and highlighted the dependence of nuclear medicine on a limited reactor
fleet.

Table 1.2: Future reactor projects relevant to medical isotope production [14-17].

Project Country Status Estimated Cost
PALLAS Netherlands  Under construction =~ ~€2.0-3.0 B
JHR France Under construction ~€2.5B

MPR South Africa  Design phase ~€750 M
RA-10 Argentina Under construction ~ ~€500 M

Several major reactor projects, shown in Table 1.2, are currently under construction
or in advanced planning stages with the aim of replacing ageing infrastructure and
expanding future irradiation capacity.

Table 1.3: Principal characteristics of reactor-fission-based *’Mo production.

Aspect Characteristic

Nuclear reaction 25U(n, )Mo

Target material Highly enriched or low enriched *°U
Final product PMo

Typical neutron flux ~ 1013-10° cm~2/s7!

Specific activity High (carrier-free)

Radioactive waste genera- High

tion

Infrastructure options High flux research reactor

Main technical challenge = Reactor availability, processing, waste management
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Modern research reactors require major capital investment, with total project costs
frequently ranging from several hundred million to multiple billions of euros de-
pending on reactor power, irradiation capabilities, and associated radiochemical
infrastructure. In addition to these costs, licensing, construction, and commissioning
programmes typically extend over many years and may exceed a decade before full
operational deployment. At the same time, many existing production reactors are
approaching the end of their operational lifetimes, increasing concerns regarding
long-term supply reliability. The combination of ageing infrastructure, centralized
production capacity, long construction schedules, and high investment require-
ments has intensified international interest in complementary production methods
based on accelerator technologies. The main features of reactor-fission-based **Mo
production are collected in Table 1.3.

Reactor-based production therefore remains difficult to replace because it combines
high neutron fluxes with HSA Mo suitable for established generator systems.
Its main vulnerability is not the nuclear reaction itself, but the dependence on
a small number of expensive, highly regulated, and ageing irradiation facilities.
This vulnerability provides the main motivation for considering accelerator-driven
routes as complementary production options rather than direct replacements for
the existing reactor supply chain.

1.2.2 Neutron Capture of Molybdenum-98

An alternative non-fission route for producing *Mo is neutron capture on molybde-
num according to

Mo (n, 7)Mo (1.1)

In this reaction, a neutron is absorbed by a ®Mo nucleus, producing radioactive
%Mo, which subsequently decays to ""Tc. Since natural molybdenum contains
approximately 24.14% “*Mo [18], irradiation can be performed using either natural
molybdenum or isotopically enriched targets. Unlike the fission-based production
route, neutron capture on molybdenum does not require fissile material and there-
fore avoids the generation of large quantities of fission products and transuranic
radioactive waste.

The neutron-capture route is typically performed in thermal or epithermal neutron
tields produced either by research reactors or accelerator-driven neutron sources.
Compared to the neutron-induced fission cross section of 2°U, the neutron-capture
cross section of *Mo is relatively small in the thermal energy region. The LSA arises
because the reaction is carrier-added: only a small fraction of the molybdenum
target atoms are converted to *Mo, while the product remains mixed with stable
molybdenum carrier.
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The neutron-energy spectrum plays a central role in this reaction. Although the ther-
mal capture cross section of **Mo is comparatively modest, Figure 1.2 shows several
pronounced resonance peaks in the epithermal energy region. These resonances
increase the importance of the spectral neutron flux, rather than only the total
neutron flux, for evaluating Mo production. For accelerator-driven systems, the
target-moderator—-reflector (TMR) configuration is therefore a key design variable
because it determines the neutron spectrum and flux at the irradiation position.
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Figure 1.2: Energy-dependent neutron-capture cross section data for the
BMo(n, 7)Mo reaction from the JENDL-4.0 evaluated nuclear
data library [19], accessed through JANIS Web [20].

The main advantage of neutron capture on molybdenum is that ®Mo can be pro-
duced without uranium targets. As a result, the production route avoids fission-
product generation, reduces proliferation-related concerns, and simplifies several
aspects of target handling and post-irradiation processing. The use of molybdenum
targets also offers a more direct target chemistry and may support target recovery
or recycling strategies.

The main limitation is the low specific activity of the product. In this carrier-added
route, only a small fraction of the molybdenum target atoms are converted to *Mo,
so the product remains mixed with a much larger amount of stable molybdenum.
This reduces compatibility with conventional alumina-based technetium generator
systems developed for HSA fission-produced *Mo. Alternative generator con-
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cepts based on high-capacity sorbent materials and chromatographic separation
techniques have therefore been developed for LSA applications [6, 13, 21].

For this route, production performance is governed mainly by the neutron flux, the
epithermal spectral component, and neutron self-shielding inside the molybdenum
target. These factors make the neutron-capture pathway particularly suitable for
the TMR optimisation studies performed in this thesis.

Table 1.4 highlights the features of the neutron-capture route that are most relevant
for the TMR studies in this thesis.

Table 1.4: Principal characteristics of neutron-capture-based **Mo production.

Aspect Characteristic

Nuclear reaction %BMo(n,v)" Mo

Target material Natural or enriched molybdenum
Specific activity Low (LSA)

Neutron spectrum importance  Strong epithermal contribution
Radioactive waste generation Low

Uranium requirement None

Infrastructure options Reactor or accelerator-driven source
Main technical challenge Optimization of the neutron spectrum

In the context of this thesis, the relevance of HICANS technology lies in the possibil-
ity of generating neutron fields in a compact, non-critical TMR assembly. Unlike a
reactor core, such a source allows the moderator, reflector, and irradiation geometry
to be treated as design parameters. The suitability of an accelerator-driven neutron
source for *Mo production therefore depends on whether these parameters can
provide sufficient epithermal flux at the molybdenum target while limiting losses
from leakage, absorption, and self-shielding.

1.2.3 Direct Cyclotron Production from Molybdenum-100

An alternative accelerator-driven approach for medical isotope production is the
direct cyclotron production of **"Tc through the reaction

10Mo(p, 2n)*™ Te (1.2)

In this reaction, protons interact with enriched ®Mo targets, resulting in the emis-
sion of two neutrons and the formation of *"Tc. Proton energies in the range of
approximately 16-24 MeV are typically used in order to maximize production yield
while limiting the formation of undesired radionuclidic impurities. Unlike other
production pathways, this method generates *"Tc directly and therefore bypasses
the intermediate production of ®Mo.
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The direct production route has attracted considerable interest because it eliminates
the need for uranium targets, reactor infrastructure, and large-scale fission-product
processing. Furthermore, many medical and industrial cyclotrons already operate
within the energy range required for the reaction, making the approach potentially
compatible with existing accelerator infrastructure.
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Figure 1.3: Representative excitation function of the 1Mo (p, 211)**" Tc reaction from
the TENDL evaluated nuclear data library [22], accessed through JANIS
Web [20] illustrating the dependence of reaction cross section on proton
energy. The optimal production window is typically located between
approximately 16 and 24 MeV.

The production yield of the reaction depends strongly on the incident proton energy.
Atlower proton energies, the reaction cross section remains relatively small, whereas
excessive proton energies increase the probability of competing nuclear reactions
leading to unwanted technetium isotopes. Consequently, careful optimization of the
proton beam energy window is required in order to achieve acceptable radionuclidic
purity for clinical applications.

As illustrated in Figure 1.3, the reaction cross section exhibits a pronounced maxi-
mum within a limited proton-energy range. Operating within this energy window
is essential for maximizing *"Tc production while simultaneously minimizing
the generation of radionuclidic contaminants originating from competing reaction
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channels. Beam-energy degradation inside thick targets must therefore be carefully
considered during target design and irradiation optimization.

The main distinction of this route is that it produces *"Tc directly, rather than
producing *Mo for subsequent generator-based distribution. This removes the
need for uranium targets and large-scale fission product separation, and it can
make use of cyclotron infrastructure already available in some medical or industrial
settings. The route is therefore most relevant for local or regional supply models
rather than for centralized ’Mo distribution.

The same direct production feature also defines the main limitation. Because
9"MTc has a half-life of approximately 6 h, the product must be processed, quality-
controlled, transported, and used within a short time window. Production capacity
is therefore limited by the number and location of suitable cyclotrons, the achiev-
able beam current and irradiation time, and the logistics of nearby hospitals or
radiopharmacies. In addition, enriched ®Mo targets are expensive and require
efficient recovery and recycling.

Product quality depends strongly on the selected proton energy window, target
thickness, beam current conditions, irradiation time, and chemical processing. These
parameters must be controlled to maximize **"Tc yield while limiting the formation
of unwanted technetium isotopes and other radionuclidic impurities.

The main characteristics of direct cyclotron production of *"Tc are listed in Table 1.5.

Table 1.5: Principal characteristics of direct cyclotron production of *"Tc via the
10Mo(p,2n) reaction.

Aspect Characteristic

Nuclear reaction 10Mo(p,2n)%"Tc

Target material Enriched %Mo

Final product Direct *"Tc production
Required accelerator Medium-energy cyclotron
Typical proton energy ~16-24 MeV

Product quality Direct " Tc

Radioactive waste generation Low

Main technical challenge Regional distribution limitations

Development programmes, including large-scale work at institutions such as TRI-
UMF in Canada, have demonstrated that cyclotron-based production can provide
9MTe quantities suitable for regional nuclear medicine use. Its role is therefore best
understood as regional supplementation of the *"Tc supply, especially in areas
where suitable cyclotron infrastructure and short distribution distances are available.
In contrast to ®Mo generator supply, this route depends less on centralized isotope
production but more strongly on local production scheduling, rapid processing,
and distribution logistics.

10
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1.2.4 Photo-fission of Uranium-238

Another proposed route for the production of *Mo is the photon-induced fission of
uranium targets using high-energy bremsstrahlung radiation generated by electron
accelerators. In this approach, energetic electrons impinge on a high-Z converter
target (lead or tungsten), producing an intense bremsstrahlung photon spectrum
that subsequently induces fission reactions in uranium according to

25U (7, f) (1.3)

The resulting fission products include *’Mo together with a wide range of additional
radioactive isotopes similar to those generated in conventional reactor-based U fis-
sion. Since the process relies on accelerator-generated photons rather than a critical
reactor core, photo-fission systems are often considered a reactor-independent route
for producing HSA *Mo.
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Figure 1.4: Representative photo-fission cross section of 2®U from the ENDF/B-
VIIL.1 evaluated nuclear data library [23], accessed through JANIS
Web [20], as a function of photon energy.

The efficiency of the photo-fission process depends strongly on the bremsstrahlung
photon spectrum and the giant dipole resonance region of uranium. Photon energies
in the range of approximately 10-20 MeV contribute most effectively to the fission

11
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probability. Consequently, electron accelerator energy, converter material, and target
geometry all play important roles in determining the achievable isotope production
yield.

As illustrated in Figure 1.4, the photo-fission cross section increases significantly
within the giant dipole resonance region. Efficient isotope production therefore
requires bremsstrahlung spectra containing sufficient photon intensity within this
energy range. The broad energy distribution of bremsstrahlung photons, however,
also reduces the overall photon-utilization efficiency compared with direct charged-
particle reactions.

The main benefit of photo-fission is that it can produce HSA Mo without using
a critical reactor core. The product is therefore more compatible with established
P'Mo/?"Tc generator systems than LSA Mo-based routes. However, this benefit is
achieved through a fission process, so uranium target handling, fission product sep-
aration, and radioactive waste management remain central parts of the production
concept. A summary of the main technical characteristics of photo-fission-based
%Mo production is given in Table 1.6.

Table 1.6: Principal characteristics of photo-fission-based Mo production.

Aspect Characteristic

Nuclear reaction B8U(1, )

Target material Uranium

Specific activity High (HSA)

Primary radiation source Bremsstrahlung photons
Required accelerator High-power electron accelerator
Radioactive waste generation High

Compatibility with Tc generators Excellent

Main technical challenge Thermal management

The main technical difficulty is the conversion of electron beam power into use-
ful fission yield. Bremsstrahlung production is inefficient, and a large fraction of
the accelerator power is deposited as heat in the converter and uranium target.
Industrial-scale operation therefore requires high-power electron accelerators, ro-
bust target cooling, and radiochemical infrastructure capable of separating **Mo
from a complex fission-product mixture.

Photo-fission has therefore been investigated as a reactor-independent route to
high-specific-activity ®Mo, but not as a route that eliminates the main chemical
and waste-management issues of uranium fission. Its relevance is strongest where
the objective is to avoid reactor criticality while retaining generator-compatible
9Mo. For the present thesis, photo-fission mainly serves as a comparison case: it
demonstrates that accelerator-based production can still involve fission chemistry,
whereas the neutron-capture route investigated here avoids uranium targets entirely.

12
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1.2.5 Photonuclear Reaction of Molybdenum-100

A non-fission accelerator-driven route for producing *’Mo is the photonuclear
reaction

10Mo (7, n)*Mo (1.4)

In this process, high-energy bremsstrahlung photons generated by an electron
accelerator interact with enriched 1"Mo targets, resulting in neutron emission and
the formation of *Mo. Since the reaction does not involve uranium, the method
avoids the generation of large quantities of fission products and eliminates many of
the proliferation concerns associated with uranium-based isotope production.
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Figure 1.5: Representative cross section of the 1®Mo(+y, n)*’Mo reaction from the

ENDEF/B-VIIL1 evaluated data library [23], accessed through JANIS

Web [20], as a function of photon energy showing the giant dipole reso-
nance region relevant for photonuclear production.

Photonuclear production is typically performed using high-power electron linacs
operating in combination with high-Z converter materials such as tungsten (W) or
tantalum (Ta). Energetic electrons impinge on the converter target and generate a
continuous bremsstrahlung photon spectrum, part of which subsequently induces
the (v, n) reaction in the molybdenum target.

13
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The reaction probability depends strongly on photon energy and is closely related to
the giant dipole resonance region of 1’Mo. Efficient production therefore requires
sufficient photon intensity within the relevant energy range, typically around 10—
20 MeV. Consequently, electron-beam energy, converter design, and target geometry
strongly influence the achievable production yield.

As illustrated in Figure 1.5, the reaction cross section increases significantly within
the giant dipole resonance region before decreasing again at higher photon energies.
Efficient isotope production therefore depends on maximizing the overlap between
the bremsstrahlung photon spectrum and the energy range corresponding to the
largest reaction probability.

The photonuclear route shares one important feature with neutron-capture pro-
duction: ®Mo is produced in a molybdenum target without using uranium. This
reduces the fission-product waste stream and avoids fissile target material. How-
ever, the product is still LSA 99Mo because it is formed within the bulk molybdenum
target and remains mixed with stable molybdenum carrier.

Table 1.7: Principal characteristics of photonuclear Mo production via the
100Mo(+y, ) reaction.

Aspect Characteristic

Nuclear reaction 10Mo (7, n)?Mo

Target material Enriched %Mo

Specific activity Low (LSA)

Primary radiation source Bremsstrahlung photons
Required accelerator High-power electron accelerator
Radioactive waste generation Low

Uranium requirement None

Main technical challenge Thermal management

The main performance limitation is the low efficiency of the photonuclear process.
Only the part of the bremsstrahlung spectrum overlapping the giant dipole reso-
nance contributes effectively to the 1°°Mo(-y, n)*’Mo reaction, while much of the
electron beam power is deposited as heat in the converter and target assemblies.
For this reason, production yield is governed not only by the nuclear cross section,
but also by converter design, electron beam power, target geometry, and thermal
management. The principal characteristics of photonuclear ®Mo production via
10Mo(y, n) are summarized in Table 1.7.

Commercial and research interest in photonuclear production has increased in
recent years due to the growing demand for reactor-independent isotope production
technologies. For example, NorthStar Medical Radioisotopes has pursued non-
uranium %Mo production concepts based on neutron capture in **Mo and photon-
induced transmutation of 1’Mo, together with generator technology designed for

14
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LSA %Mo [13].

Photonuclear production is therefore most relevant as a uranium-free accelerator
route to ®Mo, but its practical use is limited by the LSA product and the thermal de-
mands of high-power bremsstrahlung production. Compared with neutron capture,
it avoids the need for an intense neutron field but introduces the additional require-
ment of an electron accelerator, converter target, and photon-to-neutron reaction
geometry. In this work, the route provides a useful comparison to **Mo(1, 7)*Mo
because both methods avoid uranium targets but produce LSA *Mo.

1.3 High Brilliance Neutron Source

The present work focuses on accelerator-driven neutron production based on the
High Brilliance neutron Source (HBS) concept developed at Forschungszentrum
Jiilich. The HBS belongs to the class of High-Current Accelerator-driven Neutron
Sources (HICANS), in which compact high-current accelerators are used to generate
neutron beams without a critical reactor core.

Figure 1.6: Overview of the High Brilliance neutron Source (HBS) concept includ-
ing the linear accelerator system (1), target-moderator—reflector (TMR)
assemblies (2, 3, 4), and representative instrument halls (5, 6, 7). The
schematic illustrates the accelerator-driven neutron production concept
and the extraction of neutron beams to multiple instrument stations.

In the HBS concept, a high-current proton beam impinges on a heavy metal target
and produces neutrons through proton-induced nuclear reactions. The generated
neutrons are then moderated and reflected within a compact target-moderator—
reflector (TMR) assembly to obtain neutron spectra suitable for applications such as
neutron scattering, imaging, and neutron analytics.

15
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The reference HBS design is based on a pulsed proton beam with an energy of ap-
proximately 70 MeV and a duty cycle of up to 20%. A Ta target is typically used due
to its favorable thermal and mechanical properties under high-power irradiation
conditions. The generated fast neutrons are then moderated using hydrogen-rich
moderator materials and redirected toward experimental or irradiation positions
using reflector structures surrounding the TMR assembly.

Figure 1.6 illustrates the general layout of the HBS concept, including the accelerator,
target stations, and instrument areas. Since neutron generation is coupled directly
to accelerator operation, the time structure and intensity of the neutron source can
be controlled through the proton beam parameters.

One of the central features of the HBS concept is the compact TMR geometry,
which strongly influences the resulting neutron spectrum and flux distribution. The
moderator material, reflector material, target geometry, and irradiation position
determine the relative contributions of thermal, epithermal, and fast neutrons within
the system. The neutron field can therefore be adapted to different applications by
changing the spectral characteristics at the beam extraction or irradiation position.
For neutron-capture-based ?Mo production, the epithermal neutron component is
of particular importance because the resonance integral of the *Mo(1, v)*Mo reac-
tion contributes significantly to the activation rate. The HBS-type TMR geometry is
therefore relevant for this work because moderator and reflector configurations can
be studied as design variables that control the neutron spectrum at the molybdenum
irradiation position.

Compared to conventional reactor facilities, HICANS concepts such as the HBS
offer several potential advantages:

* absence of a critical reactor core

¢ modular accelerator and target-station operation

¢ compact facility layout compared with reactor-based neutron sources

¢ flexible control of beam timing and operating conditions

* potential compatibility with decentralized isotope production concepts

¢ less complex licensing requirements due to the absence of reactor criticality

At the same time, accelerator-driven neutron sources generally provide lower
neutron fluxes than large high-performance research reactors. Achieving isotope
production rates of practical relevance therefore requires careful optimisation of
neutron transport, moderation efficiency, reflector performance, and irradiation
geometry.

In addition to neutron production performance, practical engineering constraints
are important in HICANS designs. Target thermal loads, radiation damage, cooling

16



1.4 Research Objective

requirements, shielding design, and the available irradiation volume all influence
whether a compact accelerator-driven source can be used for isotope production.
The present work investigates whether optimised TMR configurations can produce
%Mo activities of practical relevance through the **Mo(#, y)*Mo reaction, subject to
realistic source, geometry and irradiation volume constraints. Particular emphasis
is placed on how moderator and reflector configurations influence the neutron
spectrum, activation behaviour, total activity, and specific activity in molybdenum
irradiation targets.

1.4 Research Objective

The objective of this thesis is to evaluate the neutron transport and activation
feasibility of producing *Mo via the *Mo(n,7)*Mo reaction in an HBS-type
target-moderator—reflector assembly.

The work combines neutron transport simulations, activation calculations, and
experimental benchmarking to quantify how moderation, reflection, and irradiation
geometry influence the achievable Mo activity and specific activity.

The specific objectives are:

¢ to benchmark simulation-based activation methods against neutron activation
experiments

* toinvestigate neutron spectra and flux distributions in HBS-type TMR systems

* to evaluate the influence of moderator and reflector materials on Mo pro-
duction

* to analyze the effects of irradiation geometry and self-shielding in Mo plates

e to identify practically plausible TMR configurations for accelerator-driven
%Mo production

1.5 Thesis Outline

The remainder of this thesis is structured as follows:

* Chapter 2 introduces the physical principles relevant to neutron production,
neutron transport, neutron activation, and gamma spectrometry.

¢ Chapter 3 presents the simulation tools, nuclear data libraries, experimental
procedures, and activity determination methods used throughout this work.

17
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¢ Chapter 4 validates the simulation-based activation workflow by comparing
calculated activities with neutron activation benchmark experiments per-
formed using bare and cadmium-covered activation foils.

 Chapter 5 presents a systematic parameter study of accelerator-driven Mo
production in an HBS-type target-moderator-reflector assembly, focusing on
the influence of moderator materials, reflector configurations, and irradiation
geometries on activity and specific activity.

¢ Finally, Chapter 6 summarizes the main findings of this work and discusses
possible directions for future research and technical development.

18



2 Physics Background

This chapter defines the physical quantities and modelling assumptions used to
connect simulated neutron fields with measured activation products in this thesis.
Figure 2.1 provides an overview of the workflow linking neutron generation to
experimentally reconstructed activities.

N ™

i i@
o Neutron Source e Neutron Transport in Matter 9 Neutron Flux Spectrum at Sample
(AmBe or (moderation, absorption, leakage) o ot
accelerator-driven source) ¢(E) (cm S )
i Thermal Epithermal Fast
T o Wy =
A
b e 9
-« ﬂ —> ) é____. :éz
r'd l N .
'Y
Energy E (MeV)
L v 4 .
~
o Neutron Activation e y-Spectroscopy & Activity Reconstruction

Activation rate
R E)o(E)d
{ | smae) ﬂj

Figure 2.1: Simplified workflow linking neutron generation to experimentally re-
constructed activities. (Layout drafted with Al-assisted graphics tools
and finalized by the author.)
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The workflow begins with neutron generation, followed by transport, moderation,
and spectral shaping in the irradiation geometry. The neutron flux spectrum at
the sample position is then used to calculate activation rates and activity build-up.
The final step is the reconstruction of experimental activities from y-spectrometry
measurements. The definitions introduced here are therefore limited to the quan-
tities needed for the benchmark experiments and the target-moderator-reflector
simulations.
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2 Physics Background

2.1 Neutron Sources

The source term determines the initial energy, angular, and intensity distribution of
the neutron field before it is modified by surrounding materials. Different source
types differ in production mechanism, neutron yield, energy spectrum, angular
distribution, and operational complexity. These differences directly influence mod-
eration, leakage, activation rates, and the design of irradiation geometries.

In this work, the source description is needed for two different purposes: the
benchmark experiments and the accelerator-driven TMR simulations. Reactor
sources are discussed only as a reference case because much of the activation
formalism used for thermal and epithermal neutron fields was developed for reactor
irradiation conditions.

2.1.1 Reactor-based Sources

In research reactors, fast neutrons are produced mainly by fission of 2°U with
typical energies of a few MeV. These neutrons are slowed down by scattering in the
moderator and surrounding core structures, producing a spectrum that is commonly
divided into thermal, epithermal, and fast components [5].

The thermal part is associated with neutrons close to equilibrium with the moderator,
the epithermal region corresponds to the slowing-down spectrum, and the fast
part is associated with the original fission spectrum and incompletely moderated
neutrons. This classification is important because neutron capture reactions are
often treated differently in each energy region. In particular, thermal activation
is commonly described using tabulated cross sections corresponding to a neutron
energy of 25 meV (v = 2200 ms~!), while epithermal activation is described using
resonance integrals [24].

Although a reactor is not used as the primary neutron source in this work, reactor-
based activation theory provides the reference formalism for the flux-based reaction-
rate model used later.

2.1.2 Radioisotopic Sources

Radioisotopic neutron sources generate neutrons either through spontaneous fission
or through («, n) reactions involving a-emitting radionuclides and light target nuclei.
They are compact, continuously emitting sources and are widely used for detector
testing, calibration, and laboratory-scale activation benchmarks [25, 26].

The most common («, ) sources combine an « emitter such as 21 Am, 299Py, or
238Pu with Be. In an AmBe source, the dominant neutron-producing reaction is

a +Be — ”C +n+5.71 MeV (2.1)
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with only a small fraction of emitted « particles inducing this reaction, while most
are stopped in the source matrix [25].

The emitted neutron spectrum is continuous and extends to several MeV. In this
study, an AmBe source was used for benchmark experiments because its neutron
emission field is well characterised and can be reproduced in simulation. Typical
properties of common radioisotopic neutron sources are summarised in Table 2.1.
The listed average energies represent mean energies of broad neutron spectra rather
than monoenergetic emissions.

Table 2.1: Typical properties of common radioisotopic neutron sources, adapted

from [25, 26].
Source Reaction Average neutron energy Typical yield
AmBe (o, 1) 4.2-5.0 MeV 10°-10% s 71
PuBe (a, 1) 4.2-5.0 MeV 10°-108 51
AmLi (o, 1) ~0.3 MeV 10°-107 571
2Cf  Spontaneous fission ~2.1 MeV 10°-10% 51

2.1.3 Accelerator-driven Sources

Accelerator-driven neutron sources generate neutrons by bombarding a target
with charged particles, usually protons or deuterons. Since neutron production is
externally driven, the source strength and time structure can be controlled by the
accelerator parameters.

At proton energies from several hundred MeV to the GeV range, neutron production
is dominated by spallation in heavy targets such as lead (Pb), tungsten (W), and
tantalum (Ta). Spallation produces many neutrons per incident proton, but requires
large facilities, extensive shielding, and high beam power infrastructure [27]. At
lower proton energies, in the range of several tens of MeV, neutron production
occurs mainly through proton-induced reactions commonly denoted as (p, xn).
These systems generally produce fewer neutrons per proton than spallation sources,
but they are more compact and easier to adapt to specific applications.

A lower energy example relevant to this thesis is the High Brilliance Neutron Source
(HBS) concept, in which 70 MeV pulsed proton beams are incident on a tantalum
target to generate fast neutrons. The neutron field is then modified by the moderator
and reflector materials in the TMR assembly, resulting in irradiation positions with
different spectral and flux characteristics.
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2.2 Neutron Transport Phenomena

For the activation calculations in this thesis, neutron transport determines the
energy-dependent flux inside the irradiation sample rather than only the source
yield. Because neutrons are electrically neutral, they do not lose energy continu-
ously through Coulomb interactions. Instead, they undergo discrete scattering and
absorption events, making neutron trajectories stochastic [5, 25]. For activation
analyses, the central output is the neutron flux spectrum in the sample volume,
which determines reaction rates through convolution with energy-dependent cross
sections.

2.2.1 Neutron Interactions with Matter

The probability that a neutron undergoes a particular interaction is described by
the microscopic cross section oy (E), where x denotes the interaction type. For a
material with atomic number density N, the macroscopic cross section is

£.(E) = Noy(E) 2)

with units of inverse length. The total macroscopic cross section is

%4(E) = Y % (E) (2:3)
X
and the corresponding mean free path is
UE) = —— 2.4
%4 (E) '

For an uncollided monoenergetic neutron beam in a homogeneous medium, the
intensity decreases according to

I(x) = Ipe =% (2.5)

where x is the path length. This expression is useful for illustrating the attenuation
behavior of neutrons in shielding materials, although in practical activation geome-
tries the flux is often dominated by scattered neutrons rather than by the uncollided
component.

Neutron interactions are commonly divided into scattering and absorption. Elastic
scattering changes neutron direction and transfers kinetic energy to the target nu-
cleus, making it the main mechanism for neutron moderation. Inelastic scattering
excites the target nucleus and is accompanied by energy loss of the neutron and
subsequent 7y emission. Absorption removes neutrons from the flux through reac-
tions such as radiative capture (1, y), charged-particle emission (1, p) or (n,«), and
fission [5, 25].
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Many capture cross sections show strong energy dependence, especially in the
epithermal region, where resonance absorption can occur due to compound nucleus
formation. This behaviour is particularly important for activation calculations
because narrow resonance structures can dominate reaction rates even when the
thermal cross section is small [28].

2.2.2 Moderation and Slowing Down

Moderation is the process by which fast neutrons lose energy primarily through
elastic scattering until they approach thermal equilibrium with the medium. For
elastic scattering on a stationary nucleus of mass number A, the minimum neutron
energy after collision is

El . = aE (2.6)
where »
A—1
- (== 2.7
“ <A+1) 2.7)

A useful measure of moderation efficiency is the average logarithmic energy decre-

ment,
= (n(£)) s

which represents the mean logarithmic reduction of neutron energy per collision.
For isotropic elastic scattering in the centre-of-mass system, ¢ can be written as

alna

— (2.9)

F=1+

The approximate number of collisions needed to slow a neutron from Ej to E is then

These expressions are standard reactor physics results for neutron slowing down in
moderators and are given in [5].

For compounds or mixtures, an effective logarithmic decrement can be estimated as
a scattering-weighted average,

(2.10)

_ i Nioy,iGi
Y.i Nios

where Nj, 0, ;, and {; are the atomic number density, scattering cross section, and
logarithmic energy decrement of constituent nuclide .

A useful moderator must slow neutrons efficiently while absorbing as few neutrons
as possible. Table 2.2 compares selected nuclei and compounds relevant to this
work.

Geff (2.11)
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For elemental entries, the listed absorption values are thermal microscopic ab-
sorption cross sections at 0.0253 eV. For compounds, the values are approximate
formula-unit reference values obtained from the constituent absorption cross sec-
tions and are used only for qualitative comparison. The absorption cross sections
listed are thermal microscopic absorption cross sections at 0.0253 eV and are there-
fore used only as reference values. For non-thermal spectra, an effective absorption
cross section must be obtained by spectrum-averaging o, (E). The listed collision
numbers 1 correspond to slowing down from 2 MeV to 0.025 eV using Eq. (2.10).

Table 2.2: Slowing-down and thermal absorption properties of selected moderator

materials.

Material ¢ n o, [barn]
H 1.000 18 0.332
D 0725 25 0.0005
Be 0.207 88 0.0076
@) 0.120 152  0.0002
Zr 0.022 827 0.185
H,O ~0.92 ~20 ~0.66
D,O ~059 ~31 ~0.001

ZrH» ~0.77 ~24  ~0.85

Moderators containing hydrogen, such as H,O and ZrH,, provide compact moder-
ation because hydrogen transfers a large fraction of neutron energy per collision.
Heavy water and beryllium have lower energy loss per collision but much smaller
absorption probabilities, which can improve neutron economy.

At thermal energies, bound-atom effects can become important. Scattering in
materials such as water or zirconium hydride is not always well described by a
free-gas approximation because molecular and lattice binding affect the angular and
energy distribution of scattered neutrons. Modern transport calculations therefore
use thermal scattering law data, commonly denoted S(«, ), for materials where
bound scattering significantly affects the thermal spectrum.

2.2.3 Leakage and Reflectors

In finite systems, some neutrons escape the geometry without further interaction.
This loss mechanism is called leakage and reduces the neutron population available
for moderation and activation. Reflectors reduce leakage by scattering outward-
moving neutrons back into the active region.

Reflector performance depends on material density, scattering probability, absorp-
tion probability, thickness, and the energy spectrum in the reflector. Increasing
reflector thickness generally reduces leakage, but the benefit eventually saturates
once most recoverable neutrons have already been scattered back.
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2.2 Neutron Transport Phenomena

Table 2.3 compares different reflector materials. The listed microscopic cross sec-
tions are thermal reference values only. In practice, reflector performance must
be interpreted using energy-dependent macroscopic cross sections and the actual
neutron spectrum.

Table 2.3: Reference properties of selected reflector materials.

Material Density (g/cm®) o, (barn) o, (barn)

Be 1.85 ~6.1 ~0.0076
MgO 3.58 ~7.4 ~0.063
Pb 11.34 ~11 ~0.17

Beryllium is an effective reflector because it combines low absorption with better
scattering properties. Magnesium oxide provides moderate reflection with good
thermal and mechanical stability. Lead is included because, in accelerator-driven
systems, fast-neutron leakage is important and high-density, high-Z materials can
help reduce leakage in fast-spectrum regions. At sufficiently high neutron energies,
threshold reactions such as (n,2n) will also contribute to neutron multiplication,
although this is a fast-neutron effect and is negligible after the spectrum has ther-
malised [25, 28].

2.2.4 Neutron Flux

The neutron flux used in activation analysis is the scalar neutron flux. It represents
the total neutron path length per unit volume and per unit time and has units of
cm~2s~1. For a monoenergetic neutron population with number density n and
speed v, the scalar flux is

¢ =nv (2.12)

This scalar quantity should be distinguished from the neutron current, which
describes directional transport across a surface. The scalar flux is the relevant
quantity for activation calculations because reaction rates are proportional to the
total neutron path length available for interactions within the material.

In realistic irradiation fields, neutrons are distributed over energy. The neutron field
is therefore described by the energy-dependent scalar flux ¢(E), where ¢(E) dE is
the flux contribution from neutrons with energies between E and E + dE. The total
flux is

¢ = / ¢(E) dE (2.13)
0
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For the analyses in this thesis, the spectrum is divided into thermal, epithermal,
and fast regions using fixed energy boundaries. These boundaries are analysis
conventions rather than universal physical limits:

* Thermal region: 0 < E < Ecy, with Ecy = 0.5 eV
* Epithermal region: Ecy < E < Ef,s, with Eg;p = 0.1 MeV

e Fastregion: E¢yy < E < 20 MeV

The corresponding region-integrated fluxes are

Ecy

¢ = [ 9(E)dE (2.14)
0

Efast

(Pepi,tot: /(P(E)dE (2.15)

Ecy
20MeV

brai = | $(E)AE 2.16)

Efast

The quantities ¢, Pepitor, and ¢y s defined above are region-integrated fluxes
obtained directly from the neutron spectrum. They should be distinguished from
the conventional flux parameters used in resonance integral activation formalisms.
In the Hogdahl convention, the thermal contribution is written using the 2200 m/s
thermal flux ¢, while the epithermal contribution is written using the epithermal
flux parameter ¢, associated with an assumed 1/E slowing-down spectrum [24].
For an ideal 1/E epithermal spectrum between Ec; and E g,

E
s = eln () 217)
so that
4)6;71' tot
- / (2.18)
Pe In (Efast/ECd)

When tabulated 2200 m/s cross sections or resonance integrals are used, the corre-
sponding flux parameter must therefore be defined consistently with the adopted
convention. If the simulated energy-dependent flux spectrum is used directly, the
activation rate can instead be evaluated from the full spectral integral.
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2.3 Neutron Activation

2.3 Neutron Activation

Neutron activation describes the production of radioactive nuclei through neutron-
induced reactions, most commonly radiative capture (n, 7). The reaction rate is
governed by the interaction between the neutron flux spectrum and the energy-
dependent cross section of the target nucleus.

2.3.1 Fundamental Activation Integral

If the neutron flux can be considered homogeneous within the sample, the reaction
rate per target atom is

r = /4»(15) o(E) dE (2.19)
0

where ¢ (E) is the energy-dependent scalar flux and ¢(E) is the microscopic reaction
cross section. If ¢(E) is expressed in cm 2 s~ ! and ¢(E) is expressed in barns, the
factor 1072* cm?2 /barn must be included. If SI units are used throughout, one barn
corresponds to 10728 m?.

For a sample containing Nt target atoms, the total reaction rate is

R = Nyr (2.20)
with
m
— —_Nuh 2.21
Nt MN A ( )

where m is the sample mass, M is the molar mass, N4 is Avogadro’s number, and h
is the isotopic abundance of the target nuclide.

2.3.2 Thermal Neutron Activation

In the thermal region, neutrons are close to equilibrium with the moderator and are
often described by a Maxwellian distribution. For many capture reactions, the cross
section approximately follows a 1/v dependence,
000
o(v) = % (2.22)

where 0y is the tabulated cross section at the reference velocity vy = 2200 ms~1,

If the reaction follows 1/v behaviour and the thermal flux is expressed using the
corresponding 2200 m/s convention, the thermal contribution can be approximated
as
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Ty =~ 0'04)0 (223)

Here, ¢p is the conventional 2200 m/s thermal flux used consistently with the
tabulated cross section ¢p. This quantity should not be confused with the region-
integrated subcadmium flux ¢y, defined in Section 2.2.4.

2.3.3 Epithermal Neutron Activation and Resonances

In the epithermal region, neutrons are slowing down from higher energies and the
neutron flux is often approximated by a 1/E dependence. In this energy range,
neutron capture cross sections exhibit pronounced resonance structures associated
with the formation of a compound nucleus at discrete energies. These resonances
can dominate the activation rate even when the thermal cross section is relatively
small.

Near a resonance energy E,, the capture cross section can be described by the
Breit-Wigner expression

2
o (E) = M8 Tnly (2.24)

where A, is the neutron wavelength at the resonance energy, ¢ is the statistical spin
factor, and I';, I';, and I are the neutron, radiative, and total resonance widths,
respectively.

For an ideal slowing-down spectrum of the form ¢(E) « 1/E, the epithermal
contribution to the activation rate is represented by the resonance integral

Efust E
Ip = / %dlf (2.25)
Eca

which condenses the energy-dependent behaviour of the cross section into a single
parameter.

In real systems, however, the epithermal spectrum deviates from the ideal 1/E
behaviour due to factors such as geometry, moderation conditions, and neutron
leakage. This deviation is commonly described by a modified spectrum of the form

¢(E) o ﬁ (2.26)

where the parameter a characterizes the deviation from the ideal slowing-down
spectrum. For « = 0, the ideal 1/ E spectrum is recovered.

The deviation from the ideal spectrum alters the contribution of resonances to the
activation rate and therefore requires a corrected resonance integral, denoted here
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2.3 Neutron Activation

as I, («). This quantity represents the effective resonance contribution under the
actual spectral conditions, with

1,(0) = I (2.27)

The epithermal contribution to the activation rate can then be written as

Tepi =~ Iy () Pepi (2.28)

where ¢,,; is the epithermal neutron flux defined consistently with the resonance-
integral formalism.

2.3.4 Cadmium Filtering

Cadmium covers are commonly used to suppress the thermal component of an
irradiation field. Because '3Cd has a very large neutron-capture cross section at
thermal energies, a sufficiently thick cadmium cover strongly attenuates low-energy
neutrons.

10°

10%

102

Microscopic Cross Section [barns]

104 102 109 102 10% 10°
Neutron Energy [eV]

Figure 2.2: Microscopic neutron capture cross section of 1'*Cd from the ENDF/B-
VIIL.1 evaluated data library [23], accessed through JANIS Web [20], as a
function of neutron energy.

29



2 Physics Background

The effective cadmium cut-off is not a sharp physical boundary and depends on
cover thickness and irradiation geometry; however, a value of Ec; ~ 0.5 eV is
commonly adopted for activation analysis calculations.

As shown in Figure 2.2, the neutron capture cross section of 13Cd is extremely
large in the thermal energy region and decreases rapidly above the cadmium cut-
off energy. Consequently, neutrons with energies below approximately 0.5 eV
are strongly attenuated by the cadmium cover, while higher-energy epithermal
neutrons are transmitted to a much greater extent.

Under cadmium-covered conditions, the thermal contribution is strongly reduced,
so the remaining activation is mainly sensitive to epi-cadmium neutrons and reso-
nance capture. Residual thermal transmission, fast-neutron reactions, and sample
self-shielding may still need to be considered depending on the foil, cover thickness,
and irradiation field.

2.3.5 Neutron Self-shielding

In activation analysis, the neutron flux inside a sample is not always equal to the
unperturbed flux in the surrounding medium. Absorption and scattering within
the sample perturb the local neutron field and can reduce the volume-averaged flux
available for activation. This effect is referred to as neutron self-shielding.

The exponential attenuation expression in Eq. 2.5 illustrates the basic removal of
uncollided neutrons in a homogeneous material. However, it is not sufficient for
activation modelling in realistic irradiation fields, where the neutron spectrum is
energy-dependent and the flux also contains scattered neutrons.

Self-shielding is especially important in energy regions where the capture cross
section contains strong resonances. At resonance energies, neutrons can be absorbed
preferentially near the surface of the sample, reducing the neutron flux at those
energies deeper inside the material. The effective resonance contribution to the
activation rate is therefore lower than it would be in an infinitely dilute sample.
The magnitude of self-shielding depends on sample composition, thickness, ge-
ometry, and the incident neutron spectrum. In analytical activation formalisms,
it is often represented by correction factors relating the effective flux in the sam-
ple to the unperturbed flux. In Monte Carlo transport calculations, self-shielding
can be treated explicitly when the sample geometry, material composition, and
energy-dependent cross sections are modelled with sufficient detail.

2.4 Gamma-ray Spectrometry
After neutron activation, the produced radionuclides decay and may emit charac-

teristic -y rays. Gamma-ray spectrometry is used in this work to identify activation
products and to determine their activities from the measured full-energy peaks.
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2.4 Gamma-ray Spectrometry

High-purity germanium (HPGe) detectors are used because their energy resolution
allows closely spaced 7 lines to be separated and multiple radionuclides to be
identified in the same spectrum. The measured spectrum contains full-energy peaks
superimposed on a continuum background arising mainly from Compton scattering
and ambient background radiation.

For a selected < line, the activity at a defined reference time can be obtained from
the net full-energy peak area as

N

A =
ref £, IE«Y tn

feon (229)
where Nj, is the net peak area, ¢, is the full-energy peak efficiency at the corre-
sponding energy, I, is the emission probability of the selected 1y line, and £, is
the live measurement time. The correction factor fqor converts the measured peak
area to the chosen reference time and includes decay before counting, decay during
counting, dead-time losses, <y self-absorption, and coincidence summation where
applicable.

The reconstructed activities are then used to determine experimental reaction rates
and to benchmark the simulation-based activation predictions described in the
following chapter.
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3 Methodology

This chapter describes the tools, data, and procedures used to model neutron trans-
port and activation and to determine induced activities from both measurements
and simulations. It first introduces the Monte Carlo (MC) transport code PHITS
and the activation and decay-chain code DCHAIN, together with the nuclear data
libraries used throughout this work. It then presents the experimental workflow
used to reconstruct activities from measured <y-ray spectra. Finally, it outlines the
two simulation-based activity prediction approaches applied in this work: the flux
analysis method (FAM) and the flux folding method (FFM).

3.1 Simulation Tools and Nuclear Data Libraries

MC particle transport simulations are widely used to model radiation transport
and interactions in complex geometries. In MC simulations, the histories of many
individual particles are sampled and tracked through matter, including processes
such as scattering, absorption, and nuclear reactions. The probability of each
interaction is determined from evaluated nuclear data, most importantly energy-
dependent cross sections. By repeating this sampling over a large number of particle
histories, the MC method provides statistical estimates of quantities such as neutron
flux spectra, reaction rates, and energy deposition.

For activation studies, the predicted neutron flux spectrum in the sample is com-
bined with activation and decay calculations to determine nuclide production and
the resulting activities as a function of irradiation and cooling time. In this work,
MC simulations were used to determine neutron flux spectra in the investigated
systems, which were then used as input to the activity calculations described in
Section 3.2.2.

3.1.1 PHITS Code

MC transport calculations were performed using the Particle and Heavy Ion Trans-
port code System (PHITS) [29], a general-purpose transport code developed through
a collaboration of institutes in Japan and managed by the Japan Atomic Energy
Agency (JAEA). PHITS can simulate the transport and interaction of a wide range
of particles, including heavy ions, protons, neutrons, electrons, and photons, over
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broad energy ranges. This is achieved using a combination of evaluated nuclear
data libraries and nuclear reaction models at higher energies.

A PHITS simulation is defined by an input file in which the user specifies transport
settings together with geometry, material compositions, and particle source terms.
Simulation results are obtained using tally estimator functions that score quantities
such as energy deposition, particle flux, energy spectra, and production yields. The
input components most relevant for this work are summarized below.

Parameter section (transport and physics settings) — The parameter section spec-
ifies physical and numerical settings controlling particle transport. This includes
the choice of physics models and transport options, as well as run parameters
that determine statistical precision (e.g., the number of particle histories). PHITS
provides different recommended combinations of models and data libraries for
nuclear reactions, as shown in Fig. 3.1. The choice of transport settings and physics
treatment influences both the physical composition of the neutron field (e.g., moder-
ation and reaction probabilities) and the statistical uncertainty of the scored spectra.
PHITS also supports parallel execution using MPI (Message Passing Interface) [30,
31] for distributed-memory parallelism, and OpenMP (Open Multi-Processing) [32,
33] for shared-memory multithreading parallelism. Both of these were used where
needed to obtain sufficient statistics.

Red: Nuclear reaction model or library Blue: Atomic interaction model or library
Models and libraries highlighted in gray are not used in the default setting

Neutron Proton Nucleus Muon e /et Photon

106 1[TeV 1 TeV/n 1 TeV 1TeV
- JAM + GEM SebEND
Q + GEM JAM/
7] 3.0 GeV JQMD JAM/
=™ d ! EGS5 .
o JQMD EPDL97| +
% INCL4.6 + GEM t N GEM ot o GEM
;g - 200 MeV — sud GEM 200 MeV BlS EGS5 JE[-\:DL
2 20 Mev ' a|10Mevin| ATIMA "
£ 100, DL o *
> JENDL-4.0 ATIMA or Original Model NRF
) 103 1 keV KURBUC / ITSART 1 keV 1 keV 1 keV
UCJ *Only for negative muon capture *JQMD + ETS

jg1] 001 meV GEM 1 meV

Figure 3.1: Recommended physics models and data libraries for use in PHITS
obtained from [29].

Source description — The source description specifies the initial conditions for
simulated particle histories, including particle type, energy distribution, and spatial
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3.1 Simulation Tools and Nuclear Data Libraries

and angular emission characteristics. These settings determine the normalization
and spectral characteristics of the primary radiation field and therefore strongly
influence the scored neutron flux spectra and derived reaction rates. In this work,
the source definitions were selected to represent the relevant neutron production
conditions of each investigated system.

Material description — Material definitions specify elemental or isotopic compo-
sition and density for each region in the model. Together with the nuclear and
atomic data used by PHITS, these definitions determine interaction probabilities
and therefore control moderation behaviour, absorption, and spectral shaping. For
neutron transport, the material definition is also where the user links materials to
specific evaluated data treatments, for example by assigning thermal scattering
law data S(a, B) for moderators such as water when appropriate (Section 3.1.3).
Material specification is particularly relevant for activation because absorption and
resonance effects in moderators, structural components, and the samples themselves
can significantly modify the neutron spectrum at the irradiation position.
Geometry description — The geometry description defines the three-dimensional
arrangement of all components and boundaries in the simulated setup. PHITS
supports general geometry (GG) and combinatorial geometry (CG). For moderated
and shielded systems, the local neutron spectrum is sensitive to distance, interface,
and irradiation position. Therefore, geometric precision is important for reliable
activation predictions.

Scoring of simulation results (tallies) — Tallies are estimator functions used to
score quantities of interest during the transport calculation, such as track-length
flux, energy spectra, and production yields. In neutron activation applications,
tallies are used to obtain neutron flux spectra in regions of interest. These spectra
are then converted into reaction rates and activities. PHITS also provides tallies
(e.g., [T-Product] and [T-Yield]) related directly to activation. These can estimate
nuclide production in a scoring region. In this work, the main workflow is based
on neutron flux spectra (primarily from [T-Track]) combined with subsequent
activation calculations (Section 3.2.2). This choice was made to maintain control
over the activation modelling assumptions and to use a consistent analysis approach
across all investigated configurations. Consequently, tally definitions (scoring
region, energy binning, and number of histories) directly affect the resolution and
uncertainty of the neutron spectra and the resulting activities.

3.1.2 DCHAIN Code

DCHAIN [34] is an activation and decay-chain code that calculates the time-
dependent evolution of radionuclide inventories during irradiation and subsequent
cooling. While it is applicable to general radiation fields, its development and
many applications are closely linked to activation problems in accelerator facilities.
Activation calculations in this work were performed using PHITS version 3.22
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together with the coupled DCHAIN-PHITS implementation distributed in the
same release.

PHITS DCHAIN

1
| /DCHAIN data library \

*Neutron activation cross sections

{Nuclear reaction and ]
with 1968 group energy structure

transport calculations

ﬁles produced by [T-dchaim

@ nuclear production yield
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Calculated results
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v'Decay heat(W)
v'Gamma-ray spectrum

@ basic input file of DCHAIN

@ information about link to the folder
: having DCHAIN data library / Execution using
shell script
I— __________________ -. T o o o o o o o o o e e e e o e e e e e e e e e o

Figure 3.2: Concept of the coupled PHITS-DCHAIN calculation workflow ob-
tained from [35].

The coupling between particle transport and activation (Fig. 3.2) is implemented
via the PHITS tally [T-Dchain], which generates the DCHAIN input and auxiliary
tiles required for the time-dependent inventory calculation.

Conceptually, the coupled workflow separates the neutron-induced transmutation
below 20 MeV and the nuclide production from reactions induced by particles
above 20 MeV. On the transport side, [T-Dchain] produces a neutron spectrum
file based on [T-Track] and a nuclide production yield file based on [T-Yield],
in addition to the DCHAIN input file. The [T-Track] output provides neutron
energy spectra below 20 MeV in a 1968-group structure, while [T-Yield] provides
nuclide production yields from reactions induced by protons, heavy ions, mesons,
and neutrons with energies above 20 MeV.

The time evolution of nuclide inventories in DCHAIN is based on Bateman-type
chain formalisms [36] and includes contributions from radioactive decay, neutron
reactions below 20 MeV, and production/depletion from higher-energy nuclear
interactions represented through the transport-derived yield terms [34]. The irra-
diation history is defined explicitly for the activation calculation as a sequence of
irradiation and cooling steps with associated relative intensity factors. The time
variation specified in the particle transport source definition is independent of the
time structure used in the activation calculation; therefore, the irradiation schedule
must be defined separately in the [T-Dchain] tally.
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DCHAIN employs internal decay and neutron reaction cross-section libraries
and allows the user to select between different evaluated datasets and hybrid
combinations. In addition, modern versions propagate statistical uncertainties
derived from simulated neutron spectra and nuclide yields through to inventories
and derived activation quantities [34]. Typical outputs include time-dependent
nuclide inventories and activities, as well as derived quantities such as decay heat,
photon spectra, and photon effective dose rates for user-defined regions and output
times.

3.1.3 Nuclear Data Libraries

Nuclear data libraries provide the evaluated interaction and decay information re-
quired for radiation transport and activation calculations, most importantly energy-
dependent reaction cross sections, secondary-particle production data, and ra-
dioactive decay data. In transport simulations, these data determine microscopic
interaction probabilities and thereby influence macroscopic observables such as
moderation, attenuation, and reaction rates. For activation calculations, neutron-
induced transmutation data and decay data are additionally required to predict
nuclide inventories and activities as a function of irradiation and cooling time.

In general, nuclear data can be distinguished between experimental compilations
and evaluated libraries. Evaluated libraries combine measurements with nuclear
reaction modelling and consistency checks to provide complete datasets suitable
for simulations.

Neutron transport calculations performed with PHITS used evaluated nuclear
data from the JENDL-4.0 library [19]. PHITS combines evaluated nuclear data
for low-energy neutron-induced reactions with nuclear reaction models at higher
energies to enable transport simulations over wide energy ranges.

At thermal energies, scattering in bound moderators cannot always be represented
adequately by a free-gas treatment, because molecular binding and lattice effects
modify the energy and angular distribution of scattered neutrons. Thermal scat-
tering law data S(w, B) are therefore used to represent bound-atom scattering in
moderators and to improve predictions of thermal neutron spectra. In PHITS, the
thermal scattering treatment is assigned through the material definition by linking a
moderator to the corresponding dataset. This is relevant for activation analyses be-
cause capture reaction rates can be sensitive to the thermal and epithermal spectral
shape produced by moderation.

DCHAIN relies primarily on internal neutron reaction cross-section libraries and
decay data libraries. The neutron reaction cross sections are used to convert neutron
spectra into transmutation rates, while decay data are used to construct decay
chains and compute time-dependent inventories and derived quantities such as
activities, decay heat, and photon spectra.
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In this work, the neutron reaction cross section library in DCHAIN was selected
via inxslib=100, corresponding to the hybrid library composed (in order) of
JENDL/AD-2017 [37], JENDL-4.0, ENDF/B-VIIIL.O [38], JEFF-3.3 [39], and
FENDL/A-3.0 [40]. Hybrid libraries are constructed by including all reactions
from the highest-priority library and then adding reactions from subsequent li-
braries only when they are absent from earlier ones.

The decay data library was selected via idcylib=5, corresponding to a hybrid
library that prioritizes JENDL /DDEF-2015 [41] and supplements missing nuclides
from ENDF/B-VIII.O [38].

This simulation environment was kept fixed throughout the work to ensure com-
parability between simulated configurations and to avoid systematic differences
arising from code or library changes between simulation campaigns.

3.2 Activity Determination Methods

Experimentally determined activities provide the reference values against which
simulation-based activity predictions are assessed. Activated samples were mea-
sured by high-resolution y-spectrometry, and activities at the end of irradiation
(EOI) were reconstructed from peak areas using calibrated detector efficiencies and
standard decay corrections. These experimental activities were used as benchmark
values to validate and interpret the activity predictions obtained from MC neutron
transport simulations.

For the simulations, neutron flux spectra were converted into reaction rates and
combined with the same irradiation and decay formalism to predict activities at
EOI. Two approaches were used for this conversion: the flux analysis method
(FAM) and the flux folding method (FFM). The following sections first describe
the experimental reconstruction procedure and then present the simulation-based
methods used in the following chapters.

3.2.1 Experimental

Experimental activity reconstruction was based on y-spectrometry of activated
samples using a broad-energy high-purity germanium detector system. For each
sample, the activity was reconstructed from the net counts of a selected full-energy
peak, corrected for detector efficiency and radioactive decay between EOI and the
start of the measurement.

Quantitative y-spectrometry requires a well-defined counting geometry, an energy
calibration, and an absolute full-energy peak (FEP) efficiency calibration. In addi-
tion, consistent peak evaluation is required to obtain background-corrected net peak
areas and to control systematic effects such as peak interferences and coincidence
summing.
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3.2.1.1 Detector System

Measurements were performed using a broad-energy high-purity germanium
(BEGe) detector system (Mirion Technologies). The detector was operated inside a
10 cm thick lead shield to reduce background radiation. Energy deposited by a -y ray
produces electron-hole pairs in the germanium crystal. The resulting charge pulse
is proportional to the deposited energy and is processed to generate a pulse-height
spectrum.

The signals from the BEGe detector were processed with a charge-sensitive pream-
plifier integrated into the detector cryostat, followed by a digital signal-processing
(DSP) unit, and recorded with a digital MCA controlled by GENIE 2000 spectroscopy
software [42].

According to the manufacturer’s specifications, the detector provides an energy
resolution of < 0.65 keV full width at half maximum (FWHM) at the 122.1 keV
y-ray line of 57Co and < 1.80 keV FWHM at the 1.33 MeV v-ray line of 60Co. The
specified relative efficiency is 34%. These characteristics make the detector suitable
for high-resolution gamma-ray spectrometry and the identification of closely spaced
photopeaks.

Figure 3.3: BEGe detector system used for gamma-ray spectrometry measurements.
The detector was housed in a lead shield (A), and the principal counting
geometry was defined by a source-to-endcap distance of 19 cm (B).

The detector was housed in a 10 cm thick low-background lead shield consisting of
80 mm and 20 mm layers of low-activity lead.

Two counting geometries were used: a distance of 19 cm from the detector endcap
and a close geometry with the sample placed directly on the endcap (0 cm). The
19 cm geometry was used as the principal configuration because most samples
were foil-type and therefore represent extended sources rather than ideal point
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sources. A larger distance reduces sensitivity to positioning and source extension.
Measurements at 0 cm were performed for small foils to increase counting efficiency,
and a separate efficiency calibration was applied for this geometry. The detector
setup and the definition of the counting distance are shown in Fig. 3.3.

Spectra were acquired and analysed using GENIE 2000 [42], which was used for
peak identification, background subtraction, and peak fitting. The resulting net
peak areas constitute the primary experimental input for the activity reconstruction
described below.

The produced radionuclides were identified by matching the measured <y-ray ener-
gies to reference <y-line energies listed in [43].

3.2.1.2 Calibration Procedures

Energy calibration assigns each channel of the recorded spectrum to a y-ray energy.
Absolute FEP efficiency calibration converts net peak areas into emission rates.
Because absolute efficiency depends strongly on the source-to-detector distance, the
efficiency calibration was performed separately for the two counting geometries
used in this study.

Energy calibration — Energy calibration was established using reference sources
with well-known 7-ray energies, in particular '¥Cs (662.3 keV) and ®°Co (1,174.3 keV
and 1,333.6 keV). A linear channel-to-energy relationship was used:

E(keV) = a + b - channel (3.1)

where the fitted coefficients were 2 = —0.01519 and b = 0.2497 and apply to both
measurement geometries.

Efficiency calibration — The absolute FEP efficiency ¢(E,) was determined using
an 2Eu point source with an activity of 40.1 & 0.8 kBq. Efficiency curves were
obtained separately for the 19 cm and 0 cm counting geometries as shown in Fig. 3.4.
For the 0 cm geometry, losses due to true coincidence summing (TCS) were corrected
using the method described in [44]. For the main analysis peaks with high counting
statistics, the TCS-corrected and uncorrected activities agreed within the statistical
and efficiency calibration uncertainties.

Table 3.1: Fitted parameters for the logarithmic efficiency model.

Distance ao a a, as ay
0 cm —1.216 x 102 8.137 x 10* —2.030 x 10* 2.212 —8.987 x 1072
19 cm —1.189 x 102 7.630 x 100  —1.884 x 100  2.030 —8.167 x 102

The FEP efficiency was parameterised using the logarithmic polynomial model

4 .
In(e(E,)) = ;)ai (In(E,))’ (3.2)
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3.2 Activity Determination Methods

where E,, is given in keV. The coefficients a; returned by the fit are given in Table 3.1
for the two counting geometries.
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Figure 3.4: Energy dependence of the FEP efficiency for the two counting geometries.
The lines represent the fit of the data with Eq. 3.2.

3.2.1.3 Data Processing and Corrections

After each irradiation, induced activities were determined from the measured
y-ray spectra by extracting net full-energy peak areas and converting them into
activities at EOL Net peak areas N, were obtained in GENIE 2000 via peak fitting
with background subtraction. For each radionuclide, a 7y line with high emission
probability and free of spectral interference was selected.

Activity at EOI - For a peak at energy E,, the activity at EOI is obtained from
the net peak area using the FEP efficiency ¢, = ¢(E,) and the absolute emission
probability I E, of the selected transition [25]. Using the live counting time ¢,,, the
delay time between EOI and the start of counting ¢;, and decay constant A, the
activity reconstruction is

Ny

—_— 3.3

Agor =

with
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1 — e Mm
m
and
D =e M (3.5)

Here D corrects for decay between EOI and the start of counting, while C corrects for
decay during counting. The times t,, and t; were taken from measurement logs, and
I, and t; /, (hence A) were obtained from evaluated decay data [43]. Equation (3.3)
is equivalent to

NyA
eqlp, (1 — e Am)e=Ma

Agor = (3.6)

Irradiation saturation and production rate — When relating Ago; to a constant
production rate during irradiation of duration t;,,, the saturation factor

S=1—¢ Mn (3.7)

is used, giving the corresponding production rate

R:é%l (3.8)

%Mo activity from the mixed 140 keV peak — For *Mo, the 140.5 keV peak contains
contributions from both Mo and its daughter ™ Tc and therefore requires a parent-
daughter treatment. Following [45], the specific count rate of the mixed peak is

N, [A.K; — AK "
Aoy (PMo + 9mTe) = P | 2201~ 7172 K 3.9
sp("Mo + ¢) thw | Ax—AMAg T YaFp ) ! (39)

where subscripts 1 and 2 refer to *Mo and **™Tc, respectively, w is the mass of
the molybdenum sample, Fj; is the fraction of the mother isotope decaying into
the daughter isotope, and 71 and y> denote the emission probabilities used in the
formalism of [45]. The factors

K;=S;D;C; (i=1,2) (3.10)

combine saturation (S;), decay (D;), and counting (C;) corrections. The parent-only
contribution is obtained from

A (PMo) = L A (99Mo + 9mTc 3.11
SP( ) ,),21:12 SP( ) ( )

The activity at EOI is then
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1

€14071

where €149 is the full-energy peak efficiency at 140.5 keV and <; is the absolute
140.5 keV emission probability of Mo used in the parent-daughter correction. No
additional decay corrections are applied because the time dependence is already
included through K; in Eq. (3.9).

Uncertainty propagation — Uncertainties on experimentally reconstructed activities
arise primarily from counting statistics, efficiency calibration, peak fitting, and
evaluated decay data. A full uncertainty propagation based on Gaussian error
propagation is provided in Appendix A.1.

Agor(*Mo) = Asp(*Mo) - w - (3.12)

3.2.2 Simulation

Simulation-based activity prediction in this work is based on MC neutron transport
calculations performed with PHITS. Neutron flux spectra in the regions of interest
were obtained by scoring energy-dependent neutron spectra with tally estimators
and were then converted into reaction rates and activities at EOL. Two approaches
were used: the flux analysis method (FAM) and the flux folding method (FFM)
implemented using the coupled PHITS-DCHAIN workflow. Both approaches use
the same irradiation and decay timing formalism. They differ primarily in how the
neutron spectrum is combined with cross-section data.

3.2.2.1 Flux Analysis Method

FAM predicts activities by combining the simulated neutron flux spectrum with in-
tegral activation parameters. Instead of performing a full energy-dependent folding
of flux and cross section, the neutron flux is separated into thermal, epithermal, and
fast components, which are treated using corresponding integral quantities.

The neutron energy spectrum within the sample was obtained using the [T-Track]

tally in PHITS and integrated over predefined energy intervals to obtain fluxes
for the thermal, epithermal, and fast regions. The energy ranges used in this work
are thermal (1 meV to 0.5 eV), epithermal (0.5 eV to 0.1 MeV), and fast (0.1 MeV to
20 MeV).

Reaction rate and activity — The neutron capture reaction rate is approximated as

R~N (Uth Pt + I’Y(D‘) Pepi T Ofast (Pfast) (3.13)

where N is the number of target atoms, oy, is the thermal capture cross section, I, («)
is the resonance integral corrected for the epithermal spectrum shape, and oy, is
the effective fast-region capture cross section [46]. The number of target atoms is

m
- 14
N = Nah (3.14)
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where m is the sample mass, M is the molar mass, Np is Avogadro’s number, and h
is the isotopic abundance. The activity at EOI follows from

Agor = R (1 - f“irr) (3.15)

with decay constant A and irradiation time #;;.

Thermal region — In the thermal region, neutrons are approximately in equilibrium
with the surrounding medium and the capture cross section often follows a 1/v
dependence. The thermal contribution is therefore described using the thermal
cross section oy, [47].

Epithermal region — In the epithermal region, the neutron flux is commonly ap-
proximated by a power-law dependence [24, 48]

1
¢(E) o Fira (3.16)
where « characterizes deviations from the ideal 1/E spectrum. The parameter «
was determined from the simulated neutron spectrum by fitting

¢(E)) _ _
ln( 2 (3.17)
within the epithermal energy range.

The total epithermal flux is given by:

Emax
¢epi,tot - / 47(E) dE (318)
Emin
where E,;;, and Ezy are 0.5 eV and 0.1 MeV, respectively, and was obtained directly

from the simulated spectrum. For consistency with the resonance integral formalism,
the epithermal flux per unit lethargy is expressed as

(Pepi,tot

Emin

(3.19)

for an ideal 1/E spectrum (« = 0). This definition provides an epithermal flux
parameter consistent with the resonance-integral convention used in Eq. (3.21). For
the modified spectrum in Eq. (3.16), integration yields

<P L Qbepi,tot «
epl — ~—ax  r—a
P E in — Emoaéx

min

(3.20)
The resonance integral is tabulated for an ideal 1/E spectrum and must therefore

be corrected when the spectrum deviates from this assumption. In this work, the
a-dependent resonance integral was evaluated using [24, 47] as
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I, — 04260y, 04260y
L) = |1 t th | Ea 3.21
v(@) E} (2a+1)E&,| (3:21)

where [, is the tabulated resonance integral, E, is the effective resonance energy,
Ecg is the cadmium cut-off energy (0.5 eV), and Ey = 1eV is the reference energy.
Fast region — The contribution of fast neutrons is included using an effective cross
section obtained by spectrum-weighted averaging over the fast energy region

E max

Emin
Ufast = (3 -22)

Emin
where E,;;;, and E;;4x are 0.1 MeV and 20 MeV, respectively.
The FAM provides a computationally efficient approximation to activation by com-
bining region-integrated neutron fluxes with integral nuclear data for the thermal,
epithermal, and fast regions.
Neutron self-shielding effects — Equation (3.15) relates the activity to the reaction
rate obtained from region-integrated flux components and effective nuclear data,
but it does not include an explicit self-shielding correction factor. In an epithermal
neutron field, a sample with a strong resonance capture cross section perturbs the
local neutron flux inside the material by absorption and scattering, leading to a
reduced flux at resonance energies [49]. A common definition of the resonance-
neutrons self-shielding factor is the ratio between the reaction rate per target atom in
the real sample and that in an equivalent, infinitely diluted sample [49, 50]. Similarly,
thermal-neutron self-shielding can be defined as the analogous ratio evaluated over
the thermal spectrum [51]. More generally, Monte Carlo approaches determine
self-shielding correction factors by comparing reaction-rate integrals obtained using
the perturbed neutron spectrum inside the real sample with those obtained using
an unperturbed spectrum [52].
In this study, neutron flux spectra are scored directly within the sample volume
using the [T-Track] tally. Therefore, the spectrum used in the activation calculation
already includes the flux depression and spectral distortions caused by the sample
itself. This is consistent with the general Monte Carlo definition of self-shielding as
a flux perturbation within the sample relative to an unperturbed reference [49, 50,
52].
Nevertheless, in the FAM approach the flux is reduced to three broad energy inte-
grals (thermal, epithermal, fast) and combined with integral quantities such as I, («).
This coarse energy condensation does not resolve narrow resonance structures ex-
plicitly and therefore does not capture, in a detailed way, how resonance-specific
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flux depressions modify the effective capture rate [49, 50]. Consequently, while
scoring the flux in the sample accounts for the overall magnitude of self-shielding,
residual bias may remain in FAM when strong, narrow resonances dominate the
activation. In such cases, the flux-folding approach (FFM), which uses a fine multi-
group representation of the neutron spectrum, provides a more detailed treatment
of resonance behaviour.

3.2.2.2 Flux Folding Method (PHITS-DCHAIN)

FFM determines induced activity by folding the simulated neutron flux spectrum
with energy-dependent nuclear reaction cross sections within the coupled PHITS-
DCHAIN framework.

The PHITS simulation provides the neutron flux spectrum below 20 MeV and nu-
clide production yields from higher-energy interactions. The coupling is performed
using the [T-Dchain] tally, which provides DCHAIN with the 1968-group neutron
flux spectrum below 20 MeV and nuclide production yields from interactions above
20 MeV.

Within DCHALIN, reaction rates are obtained by combining the multi-group neu-
tron flux with corresponding group-wise reaction cross sections. The effective
microscopic reaction cross section for nuclide k is calculated as a flux-weighted
average

” :Zg‘fté;,k‘l’g(t)
O SN ()

where of; , is the group-wise cross section and ¢, (t) is the neutron flux in energy
group g. This is the discrete multi-group representation of

(3.23)

R=N / ¢(E) o (E) dE (3.24)
0

and therefore constitutes a direct flux folding of the neutron spectrum with energy-
dependent cross section data.

Figure 3.5 illustrates this procedure by showing the energy-dependent cross section
together with its multi-group representation and a representative neutron flux
spectrum.

The time-dependent inventory N;(t) of nuclide i is obtained by solving the system of
coupled differential equations describing production, decay, and transmutation [34]

N — i) — A+ 010 () Nu(E) + X froaid N (0) + 2 8k-+i%iep (INK(1)
J

(3.25)
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where Y;(t) represents production from high-energy reactions, A; is the decay con-
stant, ¢(t) is the total neutron flux, f;_,; are decay branching ratios, and g;_,; are
production probabilities from neutron-induced reactions.
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Figure 3.5: Illustration of the flux folding procedure. The energy-dependent neu-
tron capture cross section for %7 Au(n,v)'%8 Au reaction, its multi-group
representation, and the corresponding neutron flux spectrum within
the gold foil with a thickness of 0.0025 cm are shown. The reaction rate
is obtained by folding the flux with the cross section over all energy
groups.

By solving Eq. (3.25) over the specified irradiation and cooling schedule, DCHAIN
provides time-dependent inventories and derived quantities, including activities at
EOL Compared to the FAM, the FFM avoids thermal, epithermal, and fast spectral
approximations and treats energy dependence and decay chains explicitly within
the selected multi-group library framework. The FAM provides a computationally
efficient alternative that enables quick activity estimates and parameter studies,

whereas the FFM offers a more detailed energy-dependent inventory calculation at
higher computational cost.
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4 Validation of Activity
Determination Methods

This chapter presents an experimental validation of the methods used to determine
the induced activity from Monte Carlo simulations performed with the PHITS
code. The neutron activation experiments were carried out at the irradiation facility
of the Aachen University of Applied Sciences, and the measured activities were
compared with corresponding simulations. The benchmark experiments were
performed in two measurement campaigns using two foil sets irradiated under two
conditions, bare and cadmium-covered (Cd-covered). This chapter benchmarks
the activity prediction workflow described in Section 3.2 by comparing measured
foil activities with PHITS-based predictions using the flux analysis method (FAM)
and flux folding method (FFM). The simulations are evaluated using all the model
parameters, such that the comparison tests the neutron source model, the neutron
transport, and the two different activity calculation approaches. The deviations from
the benchmark results and their systematic behavior are analysed in the following
sections.

4.1 Experimental Setup

This section describes the experimental configuration, including the irradiation
setup, the neutron source characteristics, the activation foils and their positioning
within the setup, and the gamma spectroscopy measurements used to determine
the induced activities.

4.1.1 Irradiation Setup and Neutron Source

The facility consists of a cubic paraffin moderator with sides of 71 cm. The moderator
assembly is surrounded by layers of iron, cadmium, and iron (each 0.5 cm thick) to
reduce neutron leakage. Five cylindrical plexiglass tubes with an inner diameter of
2 cm, a wall thickness of 0.5 cm, and a length of 49 cm are symmetrically embedded
in the paraffin moderator.

The neutron source was an americium-beryllium (AmBe) source, originally cali-
brated on 2 December 1993 with a neutron emission rate of 2.0 x 107 s~! specified
by the supplier. Since the neutron yield of an AmBe source is directly proportional
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to the activity of 2! Am, the source strength at the time of the experiments was
obtained by correcting this value for radioactive decay using the half-life of 2! Am
(T1/» = 432.2 y). The resulting emission rate was 1.9 x 10” s~1, which was used
consistently in all simulations and activity calculations presented in this chapter.
The supplier’s quoted uncertainty of £10% on the neutron emission rate is treated
as a systematic scale uncertainty and was included in the propagated uncertainties
of the simulated activities. It was not used to normalise the simulations to the
measurements. The source is positioned at the bottom of the central tube, while the
activation foils are placed at the same height as the source inside a thin polyethylene
holder inserted into one of the lateral tubes. A schematic representation of the
irradiation geometry is shown in Fig. 4.1. Based on the mechanical tolerances of
the irradiation setup and the mounting procedure, the positional uncertainty of
both the source and the foils is estimated to be within +2 mm. At this level of
moderation, such variations are expected to introduce local flux differences of less
than 1%, which are small compared to the dominant uncertainty associated with
the neutron source strength.

Plexiglass
®  AmBe Source
Polyethylene cup

Foil position

Paraffin wax

° Iron

Cadmium

T

Figure 4.1: Geometrical model of the irradiation facility used for the neutron acti-
vation experiments and corresponding simulations. The figure shows a
top view of the paraffin moderator with the embedded plexiglass tubes
and a vertical cross-section along the symmetry axis of the central tube
containing the AmBe neutron source and surrounding materials.

4.1.2 Activation Foils

Two foil sets of irradiations were conducted using foils that served as neutron
flux monitors. The foils were selected for their well-known neutron-capture cross
sections, simple decay schemes, and characteristic 7-ray emissions suitable for
high-resolution gamma spectrometry. A summary of the activation foils used in
these experiments, including materials, dimensions, and irradiation conditions, is
given in Table 4.1.
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4.1.2.1 Bare Foil Irradiations

The benchmark dataset for bare irradiations consists of two foil sets irradiated bare
(without Cd-cover) at the same irradiation position in the plexiglass tube. In the
initial Au-In benchmark, performed in [53], gold (Au) and indium (In) foils were
irradiated to validate the experimental procedure and establish reference activities.

Figure 4.2: Polyethylene holder with (A) bare W sample and (B) Cd-covered W
sample.

In the extended multi-monitor benchmark, performed in [54], the dataset was
extended by adding molybdenum (Mo), tungsten(W), and manganese (Mn) foils
in order to test a wider range of capture cross sections and resonance behaviors.
All bare foils were mounted in the polyethylene holder (see Fig. 4.2) and irradiated
under identical geometrical conditions, with the foils positioned at the same axial
height as the AmBe source in a lateral irradiation channel (see Fig. 4.1).

4.1.2.2 Cd-Covered Foil Irradiations

The Cd-covered benchmark dataset similarly consists of two foil sets, in which
the foils were enclosed in Cd to suppress the thermal component of the neutron
spectrum. In the initial Cd-covered Au-In benchmark, performed in [53], Au and
In foils were irradiated under Cd-covered conditions to enable a direct comparison
to the bare irradiated foils.

In the Cd-covered extended multi-monitor benchmark, performed in [54], the
extended multi-monitor set (Au, In, Mo, W, and Mn) was irradiated under Cd-
covered conditions. For Cd-covered irradiations, the foils were wrapped twice in
0.5 mm thick Cd sheets, resulting in a total thickness of 1 mm, which ensures nearly
complete absorption of neutrons below 0.5 eV.
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Table 4.1: Summary of activation foils used in the benchmark experiments, grouped
by irradiation condition. For isotopes appearing more than once within
the same irradiation condition, entries labeled “~1” correspond to the first
irradiation campaign, while unlabeled entries correspond to the extended
multi-monitor campaign. Foil masses were measured prior to irradiation
using a laboratory balance, with an estimated relative uncertainty of £1%.

Foil Iso(t)(f)pe P?O;i]ty Din[lensions Thickness Mass
Interest ? mm|] [mm] 8]

Bare foils

Au-1 197 Au 99.95 25x15 0.025 0.1648
In-1 151n 99.80 5x5 0.025 0.0049
Au 197 Au 99.95 10.5x6.0 0.025 0.0277
In 151n 99.80 20.5%10.0 0.025 0.0347
Mo %Mo 99.90 20.5x10.0 0.050 0.1069
W 186y 99.90 19.0x10.0 0.100 0.4291
Mn SMn 99.80 20.0x10.0 0.025 0.0272
Cd-covered foils

Au-1 197 Au 99.95 25x15 0.025 0.1656
In-1 15T 99.80 5x5 0.025 0.0052
Au 197 Au 99.95 10.5%5.0 0.025 0.0270
In 15T 99.80 19.0x10.0 0.025 0.0348
Mo %Mo 99.90 20.5x10.0 0.050 0.1066
w 186w 99.90 19.0x10.0 0.100 0.4280
Mn Mn 99.80 20.0x10.0 0.025 0.0304

The bare and Cd-covered irradiations were performed separately under identical
geometrical conditions to allow direct comparison between measured and simulated
activities. The combination of these two experiments, the initial Au-In benchmark
and the extended five-monitor study, provides a validation dataset covering a range
of neutron capture cross sections and resonance behaviours. These datasets form the
experimental basis for the comparison between measured and simulated activities

presented in this chapter.
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4.1.3 Gamma Spectrometry and Activity Calculation

The activated foils were measured by HPGe 7y-spectrometry using the detector
system and calibration procedures described in Chapter 3. Most foils were counted
at 19 cm source-to-detector distance using the 19 cm efficiency calibration; only the
In-1 foils were counted in the 0 cm geometry using the corresponding efficiency
curve. Spectra were acquired in live-time mode with dead time below 1% and
analysed in GENIE 2000 to extract background-corrected net peak areas.

Table 4.2: Irradiation, decay, and measurement parameters for the activation foils
used in the benchmark experiments. The listed y-line intensities corre-
spond to absolute emission probabilities.

Produced Half-life Irradiation Decay Measurement <y-line v-line
Isotope [h] Time [h]  Time [h] Time [h] [keV] Intensity [%]
Bare foils
198Au-1 64.56 7.20 68.73 66.75 411.8 95.6
Hémn _ 1 0.91 2.05 0.08 26.29 416.9 27.2
198 Au 64.56 7.58 0.03 13.97 411.8 95.6
Hémn 0.91 0.32 0.03 0.42 416.9 27.2
Mo 65.90 168.00 0.07 192.00 140.5 4.5
187w 23.70 6.00 0.03 16.00 479.5 26.6
%Mn 2.58 8.07 0.13 17.35 846.8 98.9
Cd-covered foils
9BAu-1 64.56 17.28 25.92 24.95 411.8 95.6
Hémpn — 1 0.91 3.42 0.10 23.63 416.9 27.2
198 Au 64.56 16.05 0.07 7.00 411.8 95.6
1émyp 0.91 1.67 0.07 1.33 416.9 27.2
Mo 65.90 192.90 0.08 144.00 140.5 45
187w 23.70 16.83 0.07 69.00 479.5 26.6
5Mn 2.58 18.07 0.08 8.00 846.8 98.9

The irradiation, decay, and measurement parameters are summarised in Table 4.2.
For isotopes emitting multiple y—rays, the transition with the highest emission prob-
ability and minimal spectral interference was selected for activity determination.
For ?’Mo, the activity was determined from the 140.5 keV <y-line, accounting for the
parent-daughter contribution from *™Tc as described in Section 3.2.1.3.

Activities at EOI were reconstructed from net peak areas using the efficiency cali-
bration and decay corrections described in Section 3.2.1. The overall uncertainty of
the experimentally determined activities was typically about 10% (see Appendix B).
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4.2 Simulation Setup

The Monte Carlo simulations were performed using the PHITS code (version 3.22)
under the same experimental conditions as the measurements. Two approaches
were evaluated for converting the simulated neutron field to induced activities: the
flux analysis method (FAM) and the flux folding method (FFM). No adjustment
to experimental results was applied, so the comparison directly tests the neutron
source description, neutron transport modelling, and the activity determination
procedures. All transport calculations use the code and nuclear data environment
defined in Section 3.1.3.

The FAM activity calculation additionally requires thermal cross sections, effective
resonance energies, and resonance integrals. The ko nuclear data given in Table 4.3
were taken from the evaluated database maintained by the k( International Scientific
Committee [55], following the standardisation approach described by De Corte [56].
This method additionally relies on the fast neutron cross-sections which were
determined using the convolution method described in Chapter 3.

The neutron source was modelled as an isotropic AmBe source. The neutron
energy spectrum of the AmBe source used in the simulations was taken from the
reference spectrum implemented in PHITS. According to the PHITS documentation,
this spectrum, given in Fig. 4.3, is based on the ISO 8529-1 reference for AmBe
neutron sources [57]. The spectral distribution was implemented in PHITS using the
provided AmBe source definition and normalised to the decay-corrected neutron
emission rate of 1.9 x 107 s~1, as described in Section 4.1.
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Figure 4.3: AmBe neutron energy spectrum used in this work. [57]
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The source strength uncertainty of £10% was treated as a systematic uncertainty
affecting all simulated activities equally. This uncertainty was not used to adjust
or normalise the simulations to the experimental results and therefore represents a
global scale uncertainty in the benchmark comparison. The 7 rays associated with
the source were neglected, since the activation considered here is dominated by
neutron capture reactions.

Table 4.3: Nuclear data for the investigated (1, ) reactions. Values are given with
absolute uncertainties (£1¢), derived from the relative uncertainties pro-
vided in the database [55].

Thermal Cross Section Resonance Integral Effective Resonance

Reaction

o [barn] IL,(0) [barn] Energy E, [eV]
197 Au(n, 7)1 Au 98.7 £0.10 1550 + 28 5.65 £ 0.40
USIn(n, v) 16" n 161 +3.2 2705 + 76 1.56 4-0.03
%BMo(n, )Mo 0.131 4+ 0.003 6.96 + 0.47 241 + 48
186W (11, ) 187W 41.8+1.2 573 +19 20.5+0.2
SMn(n,v)*Mn 13.2+0.18 13.9 +0.42 468 + 51

The irradiation geometry used for the simulations was implemented according to
the dimensions of the experimental setup, including the paraffin moderator, irradia-
tion channels, foil holders, and activation foil dimensions. Material compositions
and densities for the foils, paraffin moderator, cadmium, and structural components
were taken from reference data, such as published material definitions from PNNL
reports [58].

The foil volumes and densities determine the number of target atoms in the simu-
lation. However, to ensure that the simulated neutron field is combined with the
actual number of target atoms present during irradiation, the final activity calcula-
tion was performed using the experimentally measured foil masses. This approach
is used to avoid inconsistencies due to density or dimensional tolerances.

For both approaches, neutron transport was simulated with 10° primary source
particles. This resulted in statistical uncertainties below 5% for the flux spectra used
in FAM, and below 7% for the spectra used in FFM. These statistical uncertainties
are negligible compared to the dominant systematic uncertainties in the benchmark
comparison. The overall uncertainty of the simulated activities is dominated by the
+10% uncertainty in the neutron source strength and +1% uncertainty in the foil
masses. Additional sources of uncertainty include nuclear data uncertainties and
modelling approximations, which are not explicitly propagated but are considered
qualitatively in the discussion of the results. In the FAM the neutron flux was scored
using the PHITS [T-Track] tally in 100 logarithmically spaced energy bins between
102 MeV and 20 MeV at the position of each foil. The simulated neutron fluxes
were converted to activities using the activation formalism and decay corrections
described in Chapter 3. The resulting FAM and FFM activities were compared
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directly with the experimentally determined activities in the following section.

4.3 Results and Discussion

In this section, the experimentally measured foil activities are compared with the
corresponding PHITS simulation results. The comparison is presented in terms of

representative y-ray spectra, activities at end of irradiation (EOI), and simulated to
experimental activity ratios.

103

—_
2
W

:F?“—““I_’J—_—H—‘”—_ﬁ__—*—r;ﬂf#ﬂﬁ

Epithermal Fast

Neutron flux [cm~2s~ ! source™!]

—
9
Nl

10-9 108 107 10 105 10*% 103 102 10T 100 10!
Energy [MeV]

Figure 4.4: Simulated neutron energy spectrum within the Au —1 foil for bare and
Cd-covered irradiations.

Figure 4.4 shows the simulated neutron energy spectrum within the Au -1 foil for
bare and Cd-covered irradiation. As expected, the Cd cover strongly suppresses the
thermal neutrons, while the epithermal and fast neutrons remain almost unaffected.
A small residual thermal component remains under the Cd-cover because the filter
has finite thickness and energy dependent attenuation. This residual contribution is
negligible for the calculated activities under Cd-covered irradiation. The spectra
shown here are representative for all investigated foils, since the irradiation position
and surrounding moderator geometry are identical across the experiments and
only the presence of the Cd filter changes the thermal part of the neutron spectrum.
Small foil dependent differences occur due to neutron self-shielding, which causes

neutron flux depressions at strong resonance energies where the capture cross
section is large (at 1.46 eV in the case of Au).

56



4.3 Results and Discussion

4.3.1 Gamma Spectra and Peak Identification

Representative 7y-ray spectra were analysed to confirm the suitability of the selected
peaks for activity determination under both bare and Cd-covered conditions, with
particular attention to background and potential spectral interferences. For each
isotope, the activity was derived from the single <y line listed in Table 4.2, and the
resulting experimental activities are summarised in Appendix B.
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Figure 4.5: Representative <y-ray spectra obtained for selected activation foils in
the extended multiple-monitor study for a) bare foil irradiation and b)
Cd-covered irradiation.

In the Au spectra, the 18 Au 411.8 keV peak is clearly identified and was used for
activity determination, with a reduction in peak area for Cd-covered case due to the
suppression of the thermal neutron component.
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Figure 4.6: Enlarged bare-foil y-ray spectrum for the ® Au isotope used for activity
determination.

In the In spectra, multiple peaks attributed to !'6"'In are observed, and the 416.9 keV
line was selected for activity determination because it provides a well-resolved FEP
with a favorable peak-to-background ratio. Although the Cd-covered irradiation
yields a lower count rate due to the suppressed thermal neutron component, the
longer counting time used for the Cd-covered In foil results in a comparable net
peak area in the recorded spectra.
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Figure 4.7: Enlarged bare-foil y-ray spectrum for the 1¢"In isotope used for activity
determination.
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For Mo, both the 140.5 keV and 181 keV + lines were observed, and the 140.5 keV
peak was used for activity determination because it provides the most reliable peak
intensity under the counting conditions. The higher energy **Mo 1 lines, such as
739.5 keV and 777.9 keV, are not clearly visible in the spectra, which is consistent
with the lower full-energy peak efficiency of the detector at higher energies and the
limited counting statistics.

For W, multiple +y lines were observed in the spectra, however for consistency and
to avoid additional uncertainty from weaker peaks, the activity was determined
using the 479.5 keV line, which provided the clearest peak under the counting
conditions.

For %*Mn, the spectra are dominated by the 846.8 keV line, which appears as a single
prominent peak with low local background and remains clearly identifiable under
Cd-covered irradiation, although with reduced intensity.

For Cd-covered irradiations, a noticeable reduction in peak intensities associated
with reactions dominated by thermal neutron capture is observed, consistent with
the expected suppression of the thermal neutrons by the Cd filter. For the selected «y
lines used in this work, no significant spectral interferences affecting the peak area
determination were observed.

The spectra presented here serve as qualitative validation of the experimental
measurements. The determination of peak areas, efficiency corrections, and decay
corrections was performed according to the procedures described in Chapter 3.

4.3.2 Bare Foil Irradiations

The bare foil irradiations include two experimental datasets in which the foils were
exposed to the moderated neutron spectrum. The initial set includes Au and In
foils (labelled Au-1 and In-1), while the extended foil set includes a larger set of
monitors (Au, In, Mo, W, Mn). Fig. 4.8 compares the measured activities at the end
of irradiation (EOI) with the corresponding PHITS results obtained using the FAM
and FFM for all bare foil irradiations.

Across the bare irradiations, both approaches reproduce the measured activities
within generally acceptable agreement, with most deviations falling in the 10-
20% range. For ®Au, the FFM gives the closest agreement, with a deviation of
roughly 5%, while the FAM result is about 30% higher than the measurement. For
116m[n, the FAM estimates slightly lower activity, whereas the FFM shows a larger
underestimation, both within 15%. The irradiation times for both Au foils are
similar, so the difference in measured activities is due to the different foil size, thus
number of target atoms. For the In foils, the irradiation times differ significantly,
therefore the activity is strongly influenced by the irradiation history in addition to
the foil size.

For %W the deviations are larger than for other monitors, FAM result exceeds
the measurement by more than 30%, while the FFM value remains within approx-
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4 Validation of Activity Determination Methods

imately 20%. For **Mn and Mo, both methods show the smallest deviations
and reproduce the measured activities within about 10%. The activity of Mo
remains comparatively low despite the relatively long irradiation time, due to the
low neutron capture cross section of “*Mo.
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Figure 4.8: Experimental and simulated activities at the EOI for the bare foils.

Overall, the bare foil results demonstrate that the simulations can reproduce the
experimental activities with deviations typically in the 10-20% range. This is also
shown by the activity ratios shown in Fig. 4.9, where most ratios of simulated to
experimental results lie close to 1.0. The FAM exhibits a systematic tendency to
overestimate the measured activities, while the FFM generally underestimates the
activities across most isotopes.

The difference observed between the two simulation methods is consistent with the
methodology of each approach. In the FAM approach, the neutron flux is averaged
over a broad energy interval and combined with the resonance integrals, which
weight resonance contributions more strongly and can lead to higher predicted
activities.

In contrast, the FEM relies on the direct convolution of the discrete neutron energy
spectrum with energy dependent cross sections. The finite energy binning of
the spectrum and cross-section data can result in an underestimation of narrow
resonances, leading to lower predicted activities.
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Figure 4.9: Ratios of simulated to experimentally measured activities for bare foil
irradiations.

For the bare irradiations, the ratio of simulated to experimental activities lie rela-
tively close to unity for both methods, with mean values of 1.14+0.14 for FAM and
0.93+0.13 for FFM. Overall, this shows a consistent trend in which FAM predicts
slightly higher activities than measured, while FFM predicts slightly lower activities
than measured, but will a comparable difference across different monitors. Hence,
these two methods can be interpreted, in most cases, as providing an upper and a
lower limit for the expected activation of the samples.

4.3.3 Cadmium-Covered Foil Irradiation

The Cd-covered foil irradiations test the ability of the simulations to reproduce
activation under conditions where the thermal neutron component of the flux is
strongly suppressed by the 1 mm Cd filter.

Fig. 4.10 compares the experimentally measured activities at EOI with the cor-
responding PHITS results obtained using the FAM and FFM for all Cd-covered
foils. Compared to bare irradiations, a clear reduction in activation is observed
for monitors with strong thermal cross sections as expected. At the same time, the
discrepancies between simulation and experiment increase, reflecting the stronger
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dependence of the activation on the epithermal spectrum once the thermal spectrum
is filtered out.
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Figure 4.10: Experimental and simulated activities at the end of irradiation for Cd-
covered foils.

The FAM substantially overestimates the measured activities, with deviations of
approximately 50% for 18 Au - 1 and up to about 70% for '*""In — 1. In contrast, the
FFM vyields lower predicted activities, which are generally closer to the experimental
values, although still showing deviations of the order of 20-30%.

The activities in Fig. 4.10 further confirm the trends observed across a wider range
of isotopes. For 18 Au, the FAM estimates significantly higher activity by nearly a
factor of two, while the FFM underestimates it by roughly 25%. A similar behaviour
is observed for 1°"In, where the FAM result exceeds the measurement by about
60%, whereas the FFM remains within approximately 15-20%. For '8’W, the FAM
estimation is again substantially higher than the experimental value, while the FFM
result lies within about 20%. The activities of **Mn and *’Mo are reproduced with
smaller deviations, typically below 20% for both methods.

The systematic behaviour is also illustrated by the activity ratios that are shown in
Fig. 4.11. For the Cd-covered irradiations, the ratios show larger deviations, par-
ticularly for the FAM with mean values of 1.66+0.44, while for the FFM 0.83+0.20.
This increased sensitivity reflects the stronger dependence of the activation on the
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4.3 Results and Discussion

epithermal neutron spectrum once the thermal component has been removed by
the Cd filter. In this energy region, neutron capture is dominated by resonance
absorption, and each activation monitor primarily is activated by the neutron flux
around its effective resonance energy. Since the resonance energies differ between
the investigated isotopes, the agreement between simulations and experiment be-
comes isotope dependent. Hence, the isotopes whose activation is dominated by
strong epithermal resonances exhibit larger differences between the two calculation
methods compared to those with a weaker resonance contribution.

v FAM
B FFM
2.0
1.5
Q.
X
0 R
~
£
wn
1.0
8 0’::’
2K
0.5 553
55 535
2858 2
28 335
258
3R 3K
XHXX
55
0.0 4
198Au -1 llﬁmIn -1 198Au 116 18 W 56Mn 99M0

Figure 4.11: Ratios of simulated to experimentally measured activities for Cd-
covered foil irradiation.

These deviations indicate that the simplified treatment used by the FAM becomes
limited under Cd-covered irradiations and the energy-dependent treatment of the
FFM generally underestimates the measured activities. The experimental results fall
largely between the two predictions, allowing the two methods to be interpreted as
practical upper and lower bounds for the activation yield in this benchmark.

4.3.4 Assessment of the Epithermal Neutron Spectrum

In addition to the activity benchmark presented in this chapter, the measured acti-
vation data were also evaluated using several established methods for determining
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the epithermal shape factor a [45, 47, 48, 56, 59-62]. The objective of this analysis
was to assess whether the neutron spectrum predicted by PHITS could reproduce
not only the measured activation rates but also the spectral characteristics of the
irradiation facility.

The a-factor describes deviations of the epithermal neutron spectrum from an ideal
1/E dependence. It can be estimated from activation ratios of suitable monitor
reactions with known resonance parameters and Cd ratios. Therefore, the exper-
imentally determined foil activities were used as input for different analytical
a-evaluation methods.

As arepresentative example, Fig. 4.12 shows the result obtained with the Cd-covered
multi-monitor ko-factor method. In this approach, « is obtained from the slope of
the linear fit to the monitor-dependent quantities T; as a function of the effective
resonance energy E, [61].
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Figure 4.12: Representative determination of the epithermal shape factor « using
the Cd-covered multi-monitor ko-factors method. The value of « is
obtained from the slope of the fitted linear regression.

While the comparison of measured and simulated activities showed generally good
agreement, the experimentally determined a values varied considerably between
the different evaluation methods. For the method shown in Fig. 4.12, an a value
of approximately —0.122 was obtained, whereas PHITS predicted values between
approximately —0.06 and —0.08. Even larger differences were observed between
the individual analytical methods themselves, indicating that the determination of
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« was strongly dependent on the selected evaluation method and monitor combina-
tion.

These discrepancies indicate that the available benchmark dataset was not sufficient
for a reliable determination of the epithermal spectral shape. The main factors
contributing to these discrepancies include the selected monitor set, particularly
the absence of monitors with higher effective resonance energies, the sensitivity
of the result to the Cd transmission correction factor Fr4, the treatment of non-
1/v nuclides such as !°In, and possible variations in the counting geometry. A
more reliable determination would require a dedicated irradiation campaign with
the addition of a monitor with higher effective resonance energy, such as *Zr
(4520 eV), experimentally determined Fcq values for the actual foil-Cd geometry,
consistent Westcott corrections or exclusion of unsuitable non-1/v monitors, and
tixed counting holders to minimise geometry-related variations.

Since the primary objective of this benchmark was the validation of activation
predictions for subsequent optimization studies of the TMR system, further investi-
gation of these discrepancies was considered outside the scope of the present work.
A detailed discussion of the a-factor analysis is provided in [54].

4.4 Conclusions

Neutron activation benchmark experiments with bare and Cd-covered foils were
analysed and compared with PHITS simulations to validate the activity determi-
nation approaches used in this work, the FAM and the FFM. The comparison was
performed without renormalisation to the measurements, hence the agreement re-
flects the combined performance of the AmBe source description, neutron transport
modeling, and the activity calculation process.

For bare irradiations, both methods reproduce the measured activities with gen-
erally acceptable agreement across all investigated monitors, with mean ratios
(Asim/ Aexp) of 1.14£0.14 for FAM and 0.934-0.13 for FEM.

For Cd-covered irradiations, the discrepancies increase, in particular for FAM, with
mean ratios of 1.66+0.44 for FAM and 0.83+0.20 for FFM. This reduced agreement
under Cd cover reflects the increased sensitivity of the activation to the epithermal
neutron spectrum. In this case the resonance capture dominates once the thermal
neutron component is suppressed. Each monitor is activated by different resonance
regions of the epithermal spectrum, therefore the deviations also become more
isotope dependent under these conditions.

As a complementary analysis, the experimental activation data were evaluated
using several established methods for determining the epithermal shape factor
«. Although the simulations successfully reproduced the measured activities, the
a-factor analysis remained inconclusive because the different evaluation methods
produced substantially different results. Therefore, benchmark conclusions are
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based on the comparison between simulated and measured activities.

Overall, within the investigated benchmark configurations, the FAM tends to pro-
vide a conservative upper limit and FFM a lower limit for the expected activation,
with the experimental activities typically lying between these bounds. The bench-
mark results support the validity of the PHITS-based activation model within the
quoted uncertainties and provide the basis for applying the same approach to more
complex systems.

For subsequent Mo activity production estimates under bare irradiation condi-
tions, a conservative uncertainty of £15% is adopted based on the agreement and
the distribution observed for the bare foil benchmark.
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5 Parameter Study for the Production
of Molybdenum-99

The neutron transport and activation tools validated in the previous chapter are
used to perform a detailed parameter study of accelerator-based *’Mo produc-
tion via the **Mo(#n, v)?’Mo reaction. The study focuses on how variations in the
target-moderator—reflector (TMR) configuration influence the neutron spectrum
and, consequently, the achievable *Mo activity and specific activity. The aim is to
narrow the TMR design to a set of technically feasible configurations that can serve
as reference concepts for subsequent engineering design and experimental work.

5.1 Introduction

The reliable supply of Mo, the parent nuclide of technetium-99m (®™Tc), remains
a key challenge in nuclear medicine. As outlined in Section 1.2, current large-scale
production is dominated by reactor-based fission of uranium-235 (***U) in research
reactors [1]. This method is associated with significant radioactive waste generation,
proliferation concerns, and vulnerability to supply disruptions [2]. These concerns
have motivated the development of alternative, non-reactor-based production path-
ways. Among the non-fission options discussed in Section 1.2, neutron capture on
molybdenum with natural isotopic composition via the “*Mo(n, 7)**Mo reaction
represents the most direct route to ’Mo. Although this approach inherently yields
%Mo with low specific activity, it offers several advantages: reduced quantities
of long-lived radioactive waste, comparatively simple target processing, and can
be integrated into accelerator-based neutron source concepts. Particularly, High-
Current Accelerator-based Neutron Sources (HICANS), introduced in Section 2.1.3,
provide a promising platform for implementing this route. These neutron sources
can deliver neutron flux levels approaching those of medium-scale research reactors
in optimized irradiation conditions, without relying on nuclear fission [4].

In this chapter, a parameter study of Mo production at an accelerator-driven
neutron source modeled after the High Brilliance Source (HBS) concept is presented.
Based on the benchmark results in Chapter 4, the flux analysis method (FAM) is
used for this parameter scan as a computationally efficient activity estimator. For
subsequent Mo production estimates under bare irradiation conditions, an uncer-
tainty of approximately £15% is adopted, consistent with the agreement observed
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in the benchmark. The study quantifies how key design parameters, such as moder-
ator and reflector materials, geometric configuration, and Mo plate thickness, affect
the total *Mo activity and the achievable specific activity in the **Mo(#n, 7)Mo
production route. In addition to the primary TMR optimization study, several
alternative production concepts and preliminary experimental investigations are
presented to assess potential improvements and identify limitations of the proposed
production route.

5.2 Study Setup

This section defines the modeling assumptions, the reference geometry used in the
study, and the range of design parameters that are varied. The setup is intended
to be physically realistic but still generic, so that different moderator, reflector, and
irradiation concepts can be compared while keeping basic engineering aspects in
mind.

5.2.1 Simulation

The study is based on Monte Carlo particle transport simulations performed with
the PHITS code. Neutron spectra were simulated with PHITS (v3.22) using the
nuclear data defined in Section 3.1.3. Activities were estimated with the FAM
approach described in Section 3.2.2.

PHITS is used to model proton and neutron transport from the primary proton
beam interaction in the target through the surrounding moderator and reflector
materials. Neutron transport is treated over the full relevant energy range (0 —
70 MeV), allowing simultaneous evaluation of fast (0.1 MeV to 20 MeV), epithermal
(0.5 eV to 0.1 MeV), and thermal neutron (1 meV to 0.5 eV) contributions to the
%Mo (n,v)*Mo reaction. Neutrons with energies above 20 MeV are transported
but neglected in the activation calculation, since evaluated (7, y) cross sections are
generally not available above 20 MeV and the capture probability at these energies
is expected to be very small. The nuclear data defined in Section 3.1.3 are used
throughout the entire simulation campaign.

For each configuration investigated in the parameter study, neutron flux spectra
are tallied within the Mo irradiation plates. The fluxes are subsequently separated
into thermal, epithermal, and fast components and used as input for the activity
calculations described in Section 3.2.2. The resonance integral is calculated from
the simulated epithermal spectra, so that spectrum effects are properly taken into
account.

All simulations are performed with 10% primary proton histories incident on the tar-
get, providing sufficient statistical precision to resolve relative differences between
configurations. Since the aim of this chapter is to compare design parameters rather
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than to perform a detailed uncertainty analysis, all configurations are treated in the
same way, and no additional variance reduction techniques are applied.

5.2.2 Target-Moderator—Reflector (TMR) Concept

The investigated system follows the general design principles of accelerator-driven
neutron sources, in which a charged particle beam (typically protons or deuterons)
impinges on a neutron production target, which can be a heavy metal (Pb, Bi,
Pb-Bi, Ta, W) or a low-Z material (Be, Li, or V) depending on the beam energy,
producing fast neutrons via (p, xn) reactions [63-65]. In neutron scattering, imaging,
and analysis applications, these fast neutrons are moderated to energies suitable
for instruments [4, 66]. In the present work, the same basic concept is adapted to
provide a neutron spectrum favorable for the (1, ) reaction on natural Mo plates.
The geometry considered in this study is modeled after the TMR concept developed
for the HBS [4]. A schematic view of the TMR is shown in Figure 5.1, which serves
as the reference configuration for the simulations performed in this chapter.

Figure 5.1: Section view in the x = 0 plane of the HBS-type TMR reference geometry,
showing the Ta target and the surrounding moderator and reflector.

A high-energy proton beam impinges on a tantalum (Ta) target, producing fast
neutrons through (p, xn) reactions. These neutrons are subsequently slowed down
in a surrounding moderator volume and reflected back toward the irradiation
region by a reflector. The Mo irradiation plates are embedded within the moderator,
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where they are exposed to a neutron spectrum shaped by the combined effects of
moderation and reflection.

This modular TMR configuration conceptually allows the variation of individual
components while keeping a consistent overall geometry. In this work, this flexibil-
ity is used in the simulations to study how moderator and reflector materials and
thicknesses, and the positioning of the irradiation plates, affect the system, without
changing the underlying neutron production mechanism.

5.2.3 Proton Beam and Target Design

The proton beam energy was set to 70 MeV with an average beam current of 12 mA,
corresponding to the upper operational limits considered for radionuclide produc-
tion within the HBS design framework [4]. A homogeneous beam distribution over
the target surface was assumed for all simulations.

The target consists of a layered tantalum-water—tantalum structure designed to
withstand high power densities (up to 3 kW /cm?) under active cooling. Ta was
selected as the target material due to its high melting point, mechanical robustness,
and favorable neutron yield in this proton energy range. The water layer serves
both as a beam stop and as an initial moderator for fast neutrons produced in the Ta
target. A schematic of the target geometry, is shown in Figure 5.2, while the detailed
cooling-channel structure is not explicitly modeled in the simulations [67, 68].

Tantalum

Water
Tantalum

y

Figure 5.2: Geometrical model of the layered Ta—water—Ta target used in the sim-
ulations. The target has a surface area of 12 x 24 cm? and consists of a
0.6 cm Ta layer, a 1.0 cm water layer, and a 0.25 cm Ta back layer, for a
total thickness of 1.85 cm.

This target design provides a realistic representation of the proposed HBS target
while maintaining compatibility with the surrounding moderator and reflector
assemblies.

5.2.4 Moderator and Reflector Candidates

Moderator materials were selected based on their neutron slowing-down power,
moderating ratio, absorption cross section, and practical implementation consider-
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ations, as discussed in Chapter 2. Four candidates were investigated: light water
(H20), heavy water (D,0), beryllium (Be), and zirconium hydride (ZrH;). These
materials span a range from strong hydrogenous moderators to low-absorption,
high-scattering materials, enabling a broad exploration of possible neutron spectra
within the TMR.

Reflector materials were chosen to minimize neutron leakage while remaining
compatible with engineering and safety constraints. Three candidates were eval-
uated: lead (Pb), magnesium oxide (MgO), and beryllium (Be). Pb and MgO are
representative reflector materials with favorable scattering properties, whereas Be
represents a high-performance reflector from a neutronic perspective, but with
known limitations related to irradiation-induced swelling, tritium production, and
waste management [69-71]. Hence, in this study, Be is included primarily as a
reference case.

The combination of these moderator and reflector candidates enables evaluation
of both idealized and practically feasible TMR configurations within a consistent
simulation framework.

5.2.5 Irradiation Plate and Positioning

Natural Mo irradiation plates were modeled as rectangular slabs placed within the
moderator volume. Four plates were considered in the reference configuration: two
plates of 12 x 24 cm? (Plates A and D, each with a mass of approximately 3 kg)
and two plates of 12 x 12 cm? (Plates B and C, each with a mass of approximately
1.5 kg). All plates have an initial thickness of 1 cm. A view of the plate arrangement
within the TMR assembly is shown in Figure 5.3.

T

Proton beam Proton beam

Figure 5.3: Geometric model of the (a) arrangement of the four irradiation plates (A—
D) around the Ta target and (b) aluminum casing (Al casing) enclosing
the assembly and defining the moderator volume.

Plate A is positioned on-axis, facing the proton beam, and is referred to as the axial
plate, while the lateral plates (Plates B, C, and D) are positioned around the target.
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This distinction allows direct assessment of geometric effects on neutron flux and
activation efficiency. The plates are separated from the Ta target by a 3 mm thick Al
casing as shown in Figure 5.3(b).

In addition to the four-plate reference configuration, a reduced single-plate con-
figuration comprising only Plate A was modeled for selected studies. In this case,
Plates B, C and D and their associated moderator cavities were removed, and the
surrounding moderator volume was adjusted accordingly.

Plate dimensions and spacing were selected to reflect realistic handling and cool-
ing constraints while allowing systematic variation of plate thickness (1-5 cm) to
investigate neutron self-shielding effects. The chosen configurations enable direct
comparison of single-plate and multi-plate irradiation concepts within the same
TMR framework.

5.2.6 Parameter Variation

The study was designed to analyze the influence of material selection and geometric
configuration on the Mo production. To clearly observe how each parameter
affects the activation of the Mo plates, the parameters were varied one at a time
while keeping the others constant.

The following parameters were investigated:

e moderator material (H,O, D,O, ZrH;, Be)

moderator thickness (1-20 cm in 1 cm steps)

reflector material (Pb, MgO, Be)

reflector thickness (5-20 cm in 5 cm steps)

plate position (axial, lateral; Plate—Al casing distance 0-5 cm in 0.5 cm steps)
¢ plate thickness (1-5 cm in 1 cm steps)

This approach allows us to identify the main effects and parameter dependencies.
The selected parameter ranges reflect both neutron physics considerations and
practical constraints related to system size, material handling, and engineering
feasibility.

5.3 Results and Discussion

In this section we present and discuss the results of the parameter study, which
includes approximately 30,000 individual simulations. Initially, we analyze the
neutron spectra within the Mo plates obtained for a reference configuration in
order to provide a picture of the spectral characteristics in the TMR assembly. To
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relate these spectra to Mo production, the activity of the Mo plates (for a 6-day
irradiation and an average beam current of 12 mA) is then calculated using the
expression derived from the FAM and given by Eq. 3.15. This method was chosen
because, among the approaches discussed in Section 3.2.2, it offers the shortest
computation times while retaining sufficient information for the study. Using
the FFM simulations for the entire set of configurations would have required an
impractically large amount of computing time and was not applied.

Then, we examine how the *Mo activities change as individual design parameters
are varied. The analysis proceeds in stages, starting with the distance between the
irradiation plates and the target, followed by the moderator thickness, moderator
material, reflector material, and reflector thickness. Given the large number of
configurations, only a selection of representative spectra and activity distributions
are shown in this chapter to illustrate the main trends. Additional plots and detailed
data for further configurations are provided in Appendix C.
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Figure 5.4: Overview of the automated workflow used for the parameter study.

The overall workflow adopted for the automated parameter study is summarized
in Fig. 5.4. Following the definition of the geometry and investigated design pa-
rameters, the complete simulation campaign was fully automated, including the
generation of PHITS input files, execution of the simulations on the HPC cluster,
post-processing of the output data, activity calculations, and the subsequent visual-
ization and analysis of the results. Further details on the developed Python scripts
and the automation workflow are provided in Appendix D.

5.3.1 Neutron Spectra within the Mo Plates

Before discussing the resulting °*Mo activities, it is useful to examine the neutron
energy spectra within the Mo plates for a representative configuration. This pro-
vides insight into how plate position and the TMR layout shape the neutron field to
which the plates are exposed.

The simulated neutron energy spectra in the Mo plates, given in Fig. 5.5, show
a clear dependence on the position of the plates relative to the target. The axial
plate consistently experiences higher neutron fluxes across the full energy range,
particularly in the epithermal region relevant to produce *Mo.

This behavior reflects the forward direction of neutron emission from the Ta target
under 70 MeV proton irradiation: about 60% of neutrons are emitted in forward
direction and about 40% in the backward direction. As a result, the axial plate, which
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lies directly in this forward field, receives the highest neutron flux and therefore
will have the largest ®Mo activity among the plates for all analysed configurations.
In contrast, the lateral plates are located off-axis and are exposed to a less intense
neutron flux leading therefore to lower activities.
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Figure 5.5: Simulated neutron energy spectra within the Mo plates positioned at a
distance of 3 cm from the Al casing, with a 5 cm H,O moderator and
10 cm Pb reflector.

As seen in Figure 5.5, a fraction of neutrons have energies above 20 MeV. These high-
energy neutrons are not included in the activity calculation, since the **Mo(, 7)Mo
cross section is generally not tabulated above 20 MeV in evaluated data libraries.
Given the very small expected capture probability at these energies, their contribu-
tion to the total Mo activity has been neglected.

5.3.2 Irradiation Plate Positioning and Moderator Effects

To quantify how the choice of the moderator and the positioning of the irradiation
plate influence the *’Mo production, we first examine the activity of the axial plate
(Plate A) over a wide range of plate distances and moderator thicknesses. Plate A is
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used as a reference, since it is exposed to the highest neutron flux and thus provides
the most favorable conditions for observing systematic trends.

In Figure 5.6 the *Mo activity in the axial plate is compared for different moderator
materials as a function of moderator thickness. Two distinct behaviors emerge. For
hydrogen-based moderators (H,O and ZrH>) the activity reaches a maximum at
relatively small moderator thicknesses before saturating or decreasing. In contrast,
D,0O and Be show a smooth increase of activity for increasing moderator thickness
and the highest value is obtained only for substantially thicker moderators.
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Figure 5.6: Calculated ?Mo activity in Plate A for various moderators as a function
of plate distance from the Al casing and moderator thickness, with a
5 cm Pb reflector.

For H,O and ZrH,, the strong slowing-down power of hydrogen leads to fast
thermalization of the fast neutrons emerging from the target. As a result, even thin
moderator layers already produce a significant epithermal component, which is the
most relevant energy range for the **Mo(n, 7)*Mo reaction due to the resonance
structure of the cross section. Increasing the moderator thickness further shifts the
spectrum toward lower (thermal) energies and increases neutron absorption in the
moderator itself, so that the epithermal flux at the plate does not continue to grow.
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This explains why the activity distributions for hydrogenous moderators exhibit a
relatively sharp maximum at small thicknesses before decreasing. In practice, this
behavior favors compact moderator designs when H,O and ZrH, are used.

The behavior of DO and Be is noticeably different. Both materials have lower
slowing-down power and lower absorption cross sections than H,O and ZrHj, so
neutrons require longer paths to lose their energy, but are also less likely to be
absorbed in the moderator.

Consequently, the Mo activity continues to increase over a wider range of moder-
ator thicknesses, as a larger moderator volume is needed to build up a substantial
epithermal flux at the plate position. The activity distributions for D,O and Be
therefore rise more slowly but reach their maximum only at much larger thicknesses.
This trend reflects the expected spectrum-shaping behavior: hydrogen-based mod-
erators support high activities in relatively compact assemblies, whereas D,O and
Be can achieve comparable or higher activities only in geometries that provide a
sufficiently large moderator volume.

In addition to the choice of moderator material, the plate distance from the target
also influences the activity. For hydrogen-based moderators, changes in plate
distance primarily affect the intensity of the neutron energy spectrum, but do not
shift the optimal moderator thickness significantly, since the spectrum is already
largely thermalized within a few centimeters. For D,O and Be, the activity is more
sensitive to the effective moderator volume between the target and the plate, so that
both moderator thickness and plate distance act together in shaping the epithermal
component at the plate position.

For the lateral Plates B, C, and D, the activity maps exhibit the same qualitative
dependence on moderator material and thickness as Plate A, but with a notable
shift in the optimal plate position. In these cases, the maximum *’Mo activity is
reached at smaller distances from the target, i.e. the plates need to be placed closer
to the Al casing. This behavior reflects the more rapid geometric attenuation of
the neutron flux off-axis: lateral plates intercept fewer forward-directed neutrons
and therefore benefit less from additional moderation path length than the axial
plate. As the distance from the target increases, the gain in spectrum softening
is quickly outweighed by the loss in overall flux, so that the optimum occurs at
shorter distances. The corresponding heatmaps for Plates B, C, and D are provided
in Appendix C for reference.

5.3.3 Reflector Material and Thickness Effects

We now turn to the role of the reflector in shaping the neutron field. In particular,
we investigate how reflector material and thickness influence the total Mo activity
obtained from all plates for different moderator choices.

Figure 5.7 summarizes the total Mo activity for all moderators as a function
of reflector type and thickness. Across all moderator types, increasing reflector
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thickness initially leads to a clear gain in activity, reflecting the reduction of neutron
leakage as more neutrons are scattered back into the moderator and plate region. In
most cases, however, the marginal benefit of adding reflector beyond about 10 cm
becomes small, and the activity curves tend to level off. This indicates that, once
most neutron leakage is suppressed, additional reflector material mainly increases
neutron path lengths rather than substantially increasing the flux at the plates.
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Figure 5.7: Total *Mo activity from all plates after 6 days of irradiation as a func-
tion of reflector thickness for different reflector materials (Pb, MgO,
Be), shown separately for each moderator (H,O, DO, ZrH;, Be). For
each moderator-—reflector thickness combination, the plate distance and
moderator thickness correspond to the highest activity configuration
identified in the preceding analysis.

Among the reflector candidates, Be consistently yields the highest activities for
a given moderator, followed by MgO and Pb, in line with their scattering and
absorption properties. The combination of a Be reflector with a D,O moderator
stands out in particular, showing noticeable gains even when the reflector thickness
is increased beyond 10 cm. It should be noted, however, that this result is partly
influenced by the irradiation geometry, in which all plates are kept at the same dis-
tance from the Al casing. Allowing different plate positions for each configuration

77



5 Parameter Study for the Production of Molybdenum-99

would have required a much larger number of simulations and substantially more
computing time, and was therefore not pursued.

Under the constraint of a fixed plate—casing distance, the Be-D,O configuration is
especially effective at maintaining a high epithermal flux across the plate region. If,
instead, plate positions were allowed to vary independently and, for each plate, the
distance that maximizes its activity was selected (based on the present parameter
scan), the existing data indicate that a Be-Be system (Be moderator and Be reflector)
would yield the highest overall activity.

From a practical standpoint, Be is not an attractive reflector material despite its
tavorable performance. Its use is severely limited by material degradation under
neutron irradiation, tritium production, and the resulting challenges in radiation
protection and waste management. Neutron exposure leads to swelling and em-
brittlement of Be, accompanied by tritium release, which complicates operation,
handling, and disposal. Pb and MgO offer comparable performance in this context,
but MgO is preferable from an engineering perspective: its lower density allows
larger reflector volumes within reasonable weight and structural limits, and it
avoids the toxicity issues associated with Pb.

The choice of moderator also influences the overall performance across reflector
configurations. In the simulations, ZrH; generally provides higher activities than
H,0O and D,0 for a given reflector, except when combined with Be, where the high
performance of the Be-—D,O combination partially compensates its lower moder-
ating power. However, implementing ZrH, as a solid moderator requires a more
complex, actively cooled structure, which may offset its advantages. D,O tends
to outperform H,O but is constrained by cost, availability, and tritium production.
Considering these trade-offs, a configuration with an MgO reflector and an H,O
moderator emerges as the most practical baseline option for reliable Mo produc-
tion, balancing performance with material, safety, and engineering considerations.

5.3.4 Effect of Axial Plate Thickness on Activity and Specific
Activity

Having established the MgO-—H,O configuration as a practical reference system,
with a moderator thickness of 5 cm and an MgO reflector thickness of 20 cm, we
next investigate how the thickness of the axial plate (Plate A) affects both the total
activity and the specific activity of *’Mo. This analysis provides an indication on
the production potential under different Mo loading scenarios and highlights the
trade-off between maximizing total activity and maintaining specific activity.

Figure 5.8 shows the total activity (left) and the specific activity (right) of *Mo as
functions of the Plate A thickness for both the four-plate and single-plate setups.
Increasing the thickness of Plate A (i.e. the mass of Plate A) leads to an increase in
total activity. Beyond a thickness of about 3 cm, however, the specific activity in
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Plate A decreases. This behavior is a direct consequence of neutron self-shielding;:
as the plate becomes thicker, neutrons are preferentially absorbed in the outer
regions, so that the inner volume of the plate is less effectively irradiated. From the
perspective of *?Mo/*™Tc generator applications, this decrease in specific activity
is critical, since adequate specific activity is required to ensure good generator
performance [72]. Within the parameter range studied here, an axial plate thickness
of about 3 cm offers the best compromise, providing a high total activity while still
maintaining specific activity levels compatible with LSA generator concepts.
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Figure 5.8: Mo activity and specific activity for the MgO-H,O system as a function
of axial plate (Plate A) thickness after 6 days of irradiation.

Figure 5.8 also shows the results for an alternative geometry in which only the axial
plate is present and its thickness is varied, while the lateral plates are removed.
In this case, the total activity increases with increasing Mo plate thickness, since
the available neutron flux is concentrated in a single plate. The results indicate
that a total activity comparable to that of the four-plate setup can be achieved
with a single axial plate, but this would require plate thicknesses exceeding about
4 cm. At such dimensions, neutron self-shielding effects become very strong, and
the activity distribution within the plate is highly non-uniform. In this regime,
uncertainties associated with self-shielding corrections and resonance absorption
become increasingly important and would need to be addressed through dedicated
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experimental validation.

5.3.5 Optimized Reference Configuration

Under the optimized MgO-H,O configuration with a 3 cm thick axial plate, three
lateral plates, and a 6-day irradiation time, the simulations indicate a potential
production level on the order of 2400 Ci of “Mo. This would be sufficient to meet
Germany’s current weekly demand, while the corresponding specific activity re-
mains within the range for LSA generator designs. Further work should focus on
refining self-shielding models, optimizing generator concepts for such specific activ-
ities, and addressing practical aspects such as automated plate handling, radiation
protection, and long-term operational reliability.

The previous sections identified an MgO-H,O based TMR configuration as a promis-
ing reference design for accelerator-driven *’Mo production. During the develop-
ment of this concept, several alternative target, moderator, and reflector arrange-
ments were also investigated. Although these configurations were not selected for
further optimization, they provide useful insight into the limitations of different
production approaches and are summarized in the following section.

5.4 Additional Design Studies

In addition to the parameter variations discussed in the previous sections, several al-
ternative target and moderator concepts were investigated during the development
of the TMR system. These studies were performed to evaluate potential routes for
increasing the achievable *’Mo activity, improving specific activity, or simplifying
the target design. Although none of these concepts were ultimately selected as
reference configurations, the results provide useful insight into the limitations and
trade-offs associated with accelerator-driven *’Mo production.

5.4.1 Enriched Molybdenum-98 Irradiation Plates

Since natural molybdenum contains only approximately 24.1% “®Mo, the use of
isotopically enriched *Mo targets represents a straightforward strategy for increas-
ing the production yield of the *Mo(#, 7)*Mo reaction. To evaluate this potential,
additional simulations were performed in which natural molybdenum irradiation
plates were replaced by fully enriched Mo while maintaining the same irradiation
conditions.

It should be noted that these simulations were performed using an earlier TMR
design in which the tantalum target dimensions were limited to 12 x 12 cm? rather
than the final 12 x 24 cm? target geometry adopted in the main parameter study.
Consequently, the absolute *’Mo activities reported in this section are not directly
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comparable to the activities presented in the preceding sections. The objective of
this investigation was instead to assess the relative effect of isotopic enrichment
and to compare the behavior of the activity prediction methods for different target
thicknesses.
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Figure 5.9: Comparison of Mo activities calculated using the FAM and FFM for
natural and enriched *®Mo targets as a function of target thickness. Re-
sults are shown for a 12 x 12 cm? irradiation plate positioned 1.35 cm
from the target.

The results shown in Figure 5.9 demonstrate that isotopic enrichment substantially
increases the achievable Mo activity. For all investigated target thicknesses, the
FAM calculations predict activity increases of approximately a factor of 4-5 com-
pared with natural molybdenum. This behavior is consistent with the increased
abundance of **Mo nuclei available for neutron capture.

The FFM calculations also predict significant activity increases for enriched targets;
however, the magnitude of the increase is consistently lower than that predicted
by the FAM approach. Depending on the target thickness, the FFM results indicate
activity increases of approximately a factor of 3-3.5 relative to natural Mo.
Although these calculations were performed for an earlier TMR configuration, the
calculated enrichment factors can be used to estimate the potential benefit of isotopic
enrichment for the optimized design discussed in the previous sections. Applying
these factors to the optimized natural Mo activity obtained for the final MgO-H,O
reflector-moderator configuration suggests that enrichment could increase the EOI
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activity of *Mo to approximately 7200-12000 Ci, depending on whether the FFM or
FAM approach is used. These estimates should be regarded only as indicative since
they are based on an extrapolation from the earlier TMR geometry and do not fully
account for the potentially stronger neutron self-shielding expected in the thicker
enriched targets of the optimized design.

An additional difference between the two approaches becomes apparent as the
target thickness increases. While both methods predict increasing activity for thicker
targets, the FFM results grow less rapidly than the FAM predictions. Consequently,
the discrepancy between the two methods becomes larger for thicker molybdenum
plates.

This behavior is believed to be related to neutron self-shielding effects that are not
fully captured by the simplified FAM approach. As the thickness of the enriched
target increases, neutron absorption in the outer layers reduces the neutron flux
available to the inner regions of the plate. Since the FFM approach is based on
reaction-rate information obtained directly from the transport calculation, it is
expected to account more realistically for such attenuation effects. The increasing
divergence between the two methods therefore suggests that self-shielding becomes
increasingly important for thick enriched molybdenum targets.

These results indicate that isotopic enrichment can significantly improve **Mo
production yields and may represent a viable route toward higher specific activities.
At the same time, the observed differences between the activity prediction methods
emphasize the importance of accurately treating neutron self-shielding effects when
evaluating thick enriched targets.

5.4.2 Dissolved Sodium Molybdate Concept

An alternative target concept investigated in this work was the use of dissolved
sodium molybdate (Na,MoO,) within the moderator volume. In this approach,
the molybdenum target material is distributed throughout the moderator rather
than being concentrated in solid irradiation plates. Such a configuration could
potentially simplify target handling and provide efficient heat removal through the
moderator coolant.

Simulations were performed assuming the maximum practical molybdenum con-
centration achievable in aqueous solution. For a total molybdenum inventory of
approximately 1.8 kg and an irradiation period of six days, the calculated end-of-
irradiation activity was approximately 125 Ci of *Mo, corresponding to a specific
activity of approximately 0.07 Ci/g.

Although the concept offers advantages in terms of cooling and mechanical sim-
plicity, both the total activity and the specific activity were substantially lower than
those obtained with the solid irradiation plate configurations investigated in this
study. Consequently, the dissolved sodium molybdate concept was not considered
further as a practical option for large-scale Mo production.
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5.4.3 Direct Proton Irradiation of Molybdenum

In addition to neutron-capture production, a direct proton irradiation approach was
investigated. In this configuration, the Mo plate itself serves as the proton target
and is activated directly by the incident proton beam rather than by secondary
neutrons produced in a separate target.

For a Mo target mass of approximately 3 kg, the simulations predicted an end-of-
irradiation **Mo activity of approximately 1435 Ci after six days of irradiation. This
corresponds to a specific activity of approximately 0.48 Ci/g, which is significantly
higher than the values obtained for the neutron-capture configurations investigated
in this study.

Table 5.1 summarizes representative radionuclides produced during direct proton
irradiation together with their half-lives and activities at the end of irradiation.
In addition to the desired **Mo, significant activities of activation products from
Mo, Tc, Nb and Zr isotopes are generated. Several of these radionuclides exhibit
activities comparable to or exceeding that of Mo immediately after irradiation,
while some possess half-lives of several days or longer and therefore remain present
during target cooling and subsequent radiochemical processing.

Table 5.1: Major radionuclides produced during direct proton irradiation of a Mo
target.

Radionuclide Half-life Activity at EOI (Ci) Relative to Mo

Mo 65.9 h 1435 1.00
BmMo 6.86 h 3838 2.68
Mo 5.67 h 1870 1.30
%Te 428d 2389 1.66
PTe 20.0 h 2641 1.84
HTe 4.89 h 1527 1.06
897r 784 h 1414 0.99
ONb 14.6 h 3595 2.50
9%Nb 23.4h 430 0.30
“Nb 35.0d 50.8 0.035
92mNb 10.2d 201 0.14

Although direct proton irradiation offers substantially higher specific activities than
neutron-capture production, the simultaneous production of numerous radionu-
clide impurities would considerably complicate the radiochemical processing. In
addition, the Mo target must directly absorb the full proton beam power, requiring
a dedicated high-power target cooling system capable of removing the deposited
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heat while maintaining target integrity.

Since the objective of the present work was the optimization of neutron-capture-
based “Mo production within an HBS-type TMR assembly, rather than the de-
velopment of a dedicated proton target station, this concept was not investigated
further.

5.4.4 Composite Reflector Configurations

In addition to the homogeneous reflector materials discussed, several composite
reflector configurations were investigated to determine whether layered reflector
arrangements could improve neutron utilization in the TMR assembly. In all inves-
tigated configurations, the MgO layer was placed directly outside the moderator,
while the Pb layer formed the outer reflector. The thickness of both reflector layers
were then varied systematically.

The results shown in Figure 5.10 indicate that introducing a Pb layer in combination
with MgO does not improve the resulting *Mo activity compared with increasing
the MgO reflector thickness alone. The highest activities are obtained for configura-
tions with larger MgO thickness, whereas increasing the Pb thickness provides no
comparable gain.
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Figure 5.10: Calculated total Mo activity for composite reflector configurations
consisting of an inner MgO layer and an outer Pb layer, shown as a
function of the MgO and Pb thickness. The activity corresponds to the
sum over the investigated irradiation regions.
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This behavior suggests that, for the present geometry and neutron spectrum, the
scattering properties of MgO are more beneficial than the increased density of Pb.
The use of Pb in a layered reflector therefore does not provide an advantage over a
homogeneous MgO reflector. Consequently, the final optimization was restricted
to homogeneous reflector configurations, with MgO selected as the most practical
reflector material when both neutronic performance and engineering constraints
are considered.

5.4.5 Self-Shielding Experiment

Neutron self-shielding in molybdenum has been identified as a potential source
of uncertainty in activation calculations involving thick targets. To investigate this
effect experimentally, a dedicated irradiation campaign was initiated at the Nuclear
Chemistry division (INM-5) of the Institute of Neurosciences and Medicine (INM)
accelerator facility at Forschungszentrum Jiilich, using the Cyclone 30XP cyclotron
facility [73]. The long-term objective of this work is to quantify neutron attenuation
within Mo targets and to provide experimental validation of the activity prediction
methods used throughout this study.

Figure 5.11: The Cyclone 30XP cyclotron facility at the INM-5, used for radionuclide
production and target irradiation [74].
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As a first step, a preliminary irradiation experiment was performed using a simpli-
tied activation setup. A 15 MeV proton beam incident on a Be target was used as
the neutron source. The irradiation was carried out for 23 minutes at a beam current
of 3 uA. Neutrons produced in the Be target were moderated within a polyethylene
assembly containing activation foils. A circular Au foil with a radius of 0.5 cm and
a thickness of 0.0025 cm and circular Mo foil with the same radius and a thickness
of 0.1 cm were positioned inside the moderator assembly to assess the activation
response of the foils in the moderated neutron spectrum. The purpose of this initial
irradiation was to establish a benchmark configuration before extending the setup
to multiple Mo foils positioned at different depths inside the moderator.

Figure 5.12 shows the experimental irradiation setup and the corresponding PHITS
model used for the activation calculations. The measured foil activities were sub-
sequently compared with simulation results obtained using both the FAM and

FFM.

(a) Experimental irradiation setup at the (b) PHITS model of the experimental setup
INM-5 accelerator facility. showing a Y-cut through the geometry.

Figure 5.12: Comparison of the preliminary self-shielding experiment and the corre-
sponding PHITS simulation model. The irradiation setup consisted of a
Be neutron-production target, a polyethylene moderator assembly, and
embedded Au and Mo activation foils. The simulation geometry was
developed to reproduce the experimental configuration as accurately
as possible for activation calculations.

Initial calculations employed the default proton-induced reaction models available
in PHITS for neutron production in Be. However, significant discrepancies were
observed between the measured and simulated activities. Since accurate prediction
of the neutron source term is essential for future self-shielding measurements,
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additional investigations were performed to identify the origin of these differences.
Particular attention was given to the description of the proton interaction in Be,
which represents the neutron source in the experiment. Additional simulations
were therefore performed using evaluated proton—-Be nuclear data derived from
experimental measurements. These data provide a more realistic description of
neutron production than the default physics model approach at the investigated
proton energy.

As shown in Figure 5.13, the use of evaluated nuclear data resulted in substan-
tially improved agreement between simulation and experiment compared with
the default physics-model calculations. The largest improvement was observed
for the Au activation foil, where both activity prediction methods reproduced the
measured activity considerably more accurately when evaluated nuclear data were
employed. Similar improvements were observed for the Mo foil, indicating that the
description of neutron production in the Be target represented a major contributor
to the discrepancies observed in the initial simulations.

The results demonstrate the importance of using experimentally validated reaction
data when modeling low-energy accelerator-driven neutron sources. The improved
agreement obtained using evaluated data provides increased confidence in the
neutron source description and in the activation calculations performed for future
experimental investigations.

Physics Model Evaluated Proton-Be Data
[ Experiment 1 Experiment
B FAM Bl FAM
[ FFM [ FFM
Z 10t
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103
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Figure 5.13: Comparison of experimentally measured activation foil activities with
activities predicted using the FAM and FFM. The left panel shows re-
sults obtained using the default PHITS proton-induced reaction models
for neutron production in Be, whereas the right panel shows results
obtained using evaluated nuclear data.

The irradiation discussed here represents the first stage of a broader experimen-
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tal program aimed at quantifying neutron self-shielding effects in Mo. Future
experiments employing multiple Mo foils positioned at different depths within
the moderator assembly are planned in order to directly measure neutron attenua-
tion within the target material and provide additional validation of the simulation
methodology. Since the experimental campaign is still ongoing, only the preliminary
benchmark results are presented here.

5.5 Conclusions and Outlook

This chapter presented a systematic parameter study of accelerator-based *’Mo pro-
duction via the ®Mo (1, 7)?’Mo reaction in an HBS-type target-moderator-reflector
(TMR) assembly. Using PHITS simulations with validated neutron transport and
activation models, the influence of key design parameters such as moderator and
reflector materials and thicknesses, irradiation plate geometry and positioning, and
axial plate thickness was quantified in terms of total and specific activity of *’Mo.
The neutron spectra analysis showed that the axial plate consistently experiences
the highest neutron flux, particularly in the epithermal neutron energy range rele-
vant for Mo production, as a result of the forward direction of neutron emission
from the Ta target. Lateral plates sample a softer and less intense neutron field and
therefore contribute to lower activities unless placed closer to the target. Moderator
studies revealed two distinct regimes: hydrogenous moderators (H,O, ZrH;) pro-
vide high activities in relatively thin, compact configurations, while DO and Be
require substantially larger moderator volumes to reach comparable activity levels.
Reflector studies demonstrated that increasing reflector thickness reduces neutron
leakage and enhances activity up to about 10 cm, beyond which additional gains
are modest. Be offers the best performance, followed by MgO and Pb, but its use is
disfavored by material degradation, tritium production, and waste management
issues.

Taking these performance and engineering constraints into account, a configuration
with an H,O moderator and an MgO reflector was identified as a practical reference
system to produce *Mo at LSA using an accelerator-based neutron source. Within
this MgO-H,O setup, varying the thickness of the axial irradiation plate highlighted
the trade-off between total activity and specific activity. Increasing the thickness
of this plate initially raises the total activity but eventually leads to a decrease in
specific activity due to neutron self-shielding. For the four-plate configuration,
an axial plate thickness of about 3 cm was found to offer a good compromise: it
provides high total activity while maintaining specific activity levels compatible
with LSA generator concepts. Under these conditions and a 6-day irradiation,
the simulations indicate a production potential on the order of 2,400 Ci of *Mo,
sufficient to cover Germany’s current weekly demand.

The study also explored a single-plate geometry, in which only the axial plate is
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present. Although comparable total activities can be achieved by increasing the axial
plate thickness beyond approximately 4 cm, the associated self-shielding effects
lead to strong activity gradients and increased uncertainty in the activity estimation.
Such thick-plate concepts would require dedicated experimental validation and
refined self-shielding models before they could be considered viable alternatives to
the multiple plate configurations.

In addition to the primary parameter study, several alternative production concepts
were evaluated. The use of enriched ®*Mo targets demonstrated the potential for
substantially increased production yields, although neutron self-shielding effects
become increasingly important as target thickness increases. A dissolved sodium
molybdate target concept yielded activities and specific activities significantly be-
low those obtained with solid irradiation plates and was therefore not considered
a competitive option. Direct proton irradiation of molybdenum produced com-
paratively high Mo activities but was accompanied by the generation of large
quantities of additional radionuclides and would require a dedicated high-power
target design and cooling system. Composite reflector configurations combining
MgO and Pb were also investigated but did not outperform homogeneous MgO
reflector systems. These additional studies further support the selection of the
MgO-H,0O neutron-capture configuration as the most practical solution within the
scope of the present work.

Overall, this parameter study has reduced a broad design space to a small set
of technically plausible TMR configurations and identified an MgO-H;O system
with a moderately thick axial plate as a promising baseline for accelerator-driven
%Mo production. A preliminary experimental self-shielding campaign has already
been initiated using a proton-driven Be neutron source and activation foil measure-
ments. Initial results demonstrated the importance of accurately describing neutron
production through evaluated proton-Be nuclear data and yielded substantially
improved agreement between simulation and experiment. Future work should
focus on extending these measurements to multiple Mo foils positioned at different
moderator depths in order to experimentally quantify neutron attenuation and self-
shielding effects. In parallel, further efforts should address improved modeling of
self-shielding and resonance absorption in thick Mo plates, as well as the integration
of these findings into detailed engineering designs, including generator optimiza-
tion, plate handling, radiation protection, and long-term operational considerations
tor HICANS-type facilities.
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6 Conclusion

This thesis investigated neutron activation for the production of *Mo using accelera-
tor-driven neutron sources and combined neutron-transport simulations with ex-
perimental activation benchmarks and gamma-ray spectrometry. The work focused
on the influence of target-moderator-reflector (TMR) design parameters on the
neutron spectrum and the resulting activation behaviour, with particular emphasis
on the role of thermal and epithermal neutrons in the *Mo(n, v)*Mo reaction.
The physics background established the theoretical basis linking neutron production,
transport, moderation, and activation. Special attention was given to the separation
of thermal, epithermal, and fast neutron regions and to the resonance-dominated
behaviour of epithermal neutron capture. The role of neutron flux shaping by
moderators and reflectors was discussed together with the effects of resonance
integrals, cadmium filtering, and neutron self-shielding, which are essential for
accurately describing activation in realistic irradiation environments.

A benchmark irradiation setup using an AmBe neutron source was developed
to validate the simulation methodology and activation analysis workflow. The
experimental activities were reconstructed using gamma-ray spectrometry with
HPGe detectors, including corrections for efficiency, decay, and counting geometry.
Comparison between measured and simulated activities demonstrated that the
coupled neutron-transport and activation methodology provides physically con-
sistent predictions of neutron activation under moderated irradiation conditions.
An additional assessment based on established epithermal shape-factor («) determi-
nation methods was also performed using the benchmark activation data. While
the activity predictions showed generally good agreement with the experimental
measurements, the resulting a values were strongly dependent on the selected
evaluation method and did not provide a consistent basis for validation of the
simulated neutron spectrum.

Two complementary activation-analysis approaches were implemented and evalu-
ated. The first approach, referred to as the Flux Analysis Method (FAM), approxi-
mated activation using region-integrated neutron fluxes combined with thermal
cross sections, resonance integrals, and effective fast-region cross sections. The
second approach, referred to as the Flux Folding Method (FFM), used energy-
dependent flux spectra and evaluated nuclear data to calculate activation directly
through numerical flux folding.

The comparison between both approaches showed that the simplified flux-separated
formalism can reproduce the general activation behaviour while requiring signif-
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icantly reduced computational effort. However, deviations become more pro-
nounced in cases where strong resonance absorption and spectrum-dependent
effects dominate the activation process. In such situations, the multi-group flux-
folding approach provides a more detailed representation of the neutron spectrum
and resonance behaviour.

The TMR parameter study demonstrated that neutron activation strongly depends
on moderator composition, reflector material, irradiation geometry, and target thick-
ness. Hydrogenous moderators produced compact moderation and enhanced ther-
mal neutron fluxes, whereas low-absorption materials preserved neutron economy
and maintained stronger epithermal components. Considering both neutronic per-
formance and engineering constraints, an H,O moderator combined with an MgO
reflector was identified as the most practical reference configuration for accelerator-
driven *Mo production, providing a favorable balance between activity yield,
engineering feasibility, material availability, and operational considerations.

For the optimized MgO-H,O configuration, the simulations predicted a production
potential of approximately 2400 Ci of Mo following a 6-day irradiation period,
while maintaining specific activity levels compatible with low-specific-activity
generator concepts. The study further demonstrated that increasing target thickness
enhances total activity but eventually reduces specific activity due to neutron self-
shielding. These results highlight the importance of balancing target mass and
neutron utilization when designing activation-based production systems.

Several alternative production concepts were also investigated. Enriched *Mo
targets showed the potential for significantly increased production yields but si-
multaneously emphasized the growing importance of neutron self-shielding effects
in thick targets. Dissolved sodium molybdate targets yielded insufficient activity
and specific activity, while direct proton irradiation of molybdenum introduced
substantial isotope-production and target-cooling challenges. Composite reflector
configurations likewise offered no significant advantage over homogeneous MgO
reflector systems. Together, these studies further supported the selection of the
MgO-H;0O neutron-capture concept as the most practical solution within the scope
of the present work.

To address uncertainties associated with neutron attenuation and self-shielding, a
dedicated experimental campaign was initiated at the INM-5 accelerator facility.
Preliminary activation measurements performed using a proton-driven Be neutron
source demonstrated substantially improved agreement between simulation and
experiment when evaluated proton-Be nuclear data were employed instead of
default physics models. These results provide increased confidence in the neutron
source description and establish a foundation for future experimental investigations
of self-shielding effects in Mo.

Overall, this thesis demonstrates that accurate prediction of Mo production re-
quires consistent treatment of neutron transport, spectral shaping, resonance ac-
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tivation, and activity reconstruction. The combined simulation and experimental
approach developed in this work provides a framework for the optimization and
validation of accelerator-driven neutron activation systems. Future work should
focus on extending the ongoing self-shielding measurements, refining neutron at-
tenuation models for thick Mo targets, and integrating the resulting neutronic data
into detailed engineering designs, including generator optimization, target han-
dling, radiation protection, and long-term deployment of HICANS *’Mo production
facilities. Further investigation of the epithermal spectral shape and the observed
discrepancies between different a-determination methods may also contribute to
improved characterization of the irradiation environment and refinement of future
activation models.
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A Uncertainty Propagation

A.1 Uncertainty Propagation for Experimental
Activities

A.1.1 Gaussian propagation of uncertainty

All experimentally determined quantities carry uncertainties arising from counting
statistics and systematic effects such as detector efficiency, evaluated decay data, and
timing parameters. To propagate these uncertainties through the activity calculation,
the Gaussian law of propagation of uncertainty was applied, following [53, 54].
For a quantity u = u(x1, X2, ..., x,) with independent input variables x;, the com-
bined variance is ,
n
op=Y (%) oz (A1)

i=1

A.1.2 Uncertainties of individual input quantities
A.1.2.1 Net peak counts

The net peak counts N, were determined from the fitted full-energy peak areas
using GENIE 2000. The associated uncertainty AN, was taken directly from the
peak analysis output of the software.

The reported uncertainty accounts for the statistical uncertainty of the measured
counts as well as the uncertainty associated with background subtraction and peak
titting. Therefore, the uncertainties reported by GENIE 2000 were used directly in
the subsequent uncertainty propagation calculations.

A.1.2.2 Decay constant

The decay constant is defined as A = In(2)/t;,,, with t;,, being the half-life.
Propagating the uncertainty in the half-life yields

In(2)
tZ
1/2

AN = At (A.2)
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A Uncertainty Propagation

A.1.3 Activity from gamma spectrometry
A.1.3.1 Uncertainty of activity

Assuming independent input variables, the combined variance of Agoy is computed
from Eq. 3.3 with

Agor = Agor(Np, &y, Ig,, At ta)

For compact reporting, the relative uncertainty can be written as
2
AAror\>  (BNp\® | (Ae\* (DI A%
Cao) = (&) +(2) () + (7)o
Agor Ny €y I, f

A
fA tm ta) = = eMi (A.4)

where

The contribution Af is obtained using Gaussian propagation applied to (A, t, t4).
The dominant experimental contributions arise from detector efficiency calibration,
counting statistics, and y-ray emission probabilities. Depending on the radionu-
clide and counting statistics, the combined relative uncertainty of experimentally
determined activities ranged from a few percent to approximately 10%.

A.1.4 Uncertainty propagation for Molybdenum-99

For the 140.5 keV peak of Mo, the uncertainty was propagated directly to the
tinal end-of-irradiation activity. This avoids performing a separate uncertainty
propagation for the mixed parent-daughter specific count rate and then applying a
second uncertainty term for the same parent-daughter correction factor.

For convenience, define

Dy=XA—M\ (A.5)
MKy — MK
B=———-= A.6
7
=12 A7
Y2Fi2 (A7)
so that Eq. (3.9) can be written as
99 99 Np
Asp(P’Mo +7"MTc) = —— (B+ GKj) (A.8)
tw
The parent-only contribution is
Asp(PMo) = GAsp(PMo + P™MTc) (A.9)
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A.2 Propagation to simulated activity

Substituting Eq. (A.8) into Eq. (3.12) gives

N
Apor(PMo) = —F—H (A.10)
tm€140
where
g Brek (A11)
T2F12

In this form, the sample mass w has cancelled because As is defined per unit mass
and the final activity is obtained by multiplying by w. Therefore, w is not included
as an independent uncertainty contribution for the final *Mo activity.

The combined relative uncertainty of the final activity is

2 2 2 2 2
G ) =G ) o () o) - Ge) e
Aol N, tm €140 H

The uncertainty in H is obtained by Gaussian propagation:

2
(AH)* =) (?ij) , (A.13)
i \%i

with

yj = {M, A2, K1, Ko, 71, 72, Fia }- (A.14)

Thus, the uncertainty associated with the parent-daughter correction is included
only once, through the final quantity H, rather than by first propagating the mixed
specific count rate and then adding an additional independent AG/G term.

If the uncertainties of K; and Kj; are calculated explicitly from their components
Si, Dj, and C;j, then those underlying quantities should not be counted again as
independent uncertainty contributions.

A.2 Propagation to simulated activity
For a simulated activity Agim, scaling as
Agim XY - Ntarget

the combined relative uncertainty is
AAsim)2 (AY>2 (AI\I’carge’c)2 2
=== +|——] +(A A.15
( Asim Y Ntarget ( MC) ( )
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A Uncertainty Propagation

Here, Y denotes the neutron source emission rate, which provides the absolute
normalization of the simulated neutron flux. Niarget is the number of target nuclei
in the irradiated sample, determined from sample mass, molar mass, and isotopic
abundance.

Anc represents the relative statistical uncertainty reported by the Monte Carlo
simulation for the relevant quantity. This statistical uncertainty propagates directly
to the calculated activation.

Using AY/Y = 10%, ANtarget/ Ntarget = 1%, and Ayic = 5%, the resulting combined
relative uncertainty is approximately 11%.

Thus, an uncertainty of approximately 11% was assigned to the simulated activities.
This uncertainty includes source normalization, target-atom normalization, and
Monte Carlo statistical uncertainty. No additional cross-section or nuclear-data un-
certainty was assigned separately. The reported simulated activities are conditional
on the nuclear data libraries used in the PHITS and DCHAIN calculations.
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B Experimental Counts and Activity
Results

This appendix summarises the experimentally measured net peak counts, the corre-
sponding activities at end of irradiation (EOI), and the simulated activities obtained
using the flux analysis method (FAM) and the flux folding method (FFM).

Table B.1: Net peak counts and activities for bare foil irradiations. Foils labelled “~1”
correspond to the initial Au-In foil set, while unlabeled foils correspond
to the extended multi-monitor foil set.

Experimental FAM FFM

Activity [Bq]l  Activity [Bql Activity [Bq]

Au-1 411.8 29887 +£173  237.8 =23.8 275.0£303 207.0+22.8

Foil v-line [keV] Net counts

In-1 416.9 12744 £113  212.5+£21.3 238.0£262 196.0%£21.6
Au 411.8 2783 £53 389+4.0 498+£55 41.0+45

In 416.9 189 + 14 473.3 £58.8 4439 +£48.8  396.1+:43.6
Mo 140.5 4408 £ 66 251£0.25 2.73£0.30 2.72£0.30
W 479.5 2255 +48 142.6 £ 14.6 1928 +£21.2 120.0£13.2
Mn 847.0 2081 + 46 213.2+23.4 191.6 £21.1  198.5+21.8

Table B.2: Net peak counts and activities for Cd-covered foil irradiations. Foils
labelled “~1” correspond to the initial Au-In foil set, while unlabeled foils
correspond to the extended multi-monitor foil set.

Foil v-line [keV] Net counts i(gle‘::;?];t:]l Actiii;d[Bq] ActiSil;/I[Bq]
Au-1 411.8 9929 £100 108.9 £10.9 163.0+£17.9 78.6 £8.6
In-1 416.9 2928 +54 495+£50 849493 43.7+4.38
Au 411.8 533 £23 148 +1.5 283 +3.1 11.1+£1.2
In 416.9 237 + 15 245.5 +24.6 396.3+43.6 20744228
Mo 140.5 3219 £57 1.98 +0.20 1.79£0.20 1.96 +£0.22
% 479.5 2090 £ 46 56.8 £5.7 126.9 +£14.0 37.3+4.1
Mn 847.0 92 +£10 6.7+ 1.0 8.8+ 1.0 73+0.8
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C Activity Distribution Maps for the
TMR Parameter Study

This appendix provides the complete set of two-dimensional **Mo activity distribu-
tion maps obtained in the TMR parameter study. The maps visualise the calculated
end-of-irradiation (EOI) Mo activity for each investigated configuration as a func-
tion of two geometric parameters: the plate distance from the Al casing and the
moderator thickness. For each irradiation plate (A-D), results are shown for all
investigated moderator materials and for the three reflector candidates (Pb, MgO,
Be) with reflector thicknesses of 5, 10, 15, and 20 cm. All activities correspond to the
reference irradiation scenario used throughout the parameter scan, i.e. continuous
irradiation for 6 days (144 h) with an average proton beam current of 12 mA. In
each map, the colour scale represents the calculated Mo activity (in Ci) for the
corresponding plate under these reference conditions. These maps provide the full
parameter scan dataset underlying the representative plots presented in Chapter 5
and allow identification of the highest activity configurations for each plate and
material combination.
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Plate A — PDb reflector — 5 cm
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Plate A — Pb reflector — 10 cm
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C Activity Distribution Maps for the TMR Parameter Study

Plate A — Pb reflector — 15 cm
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Plate A — PDb reflector — 20 cm
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Plate A — MgO reflector — 5 cm

[1D] A1anoy
o o

D,O

F
| —
() [9} (e n

[wd] ssauyd1y} 103RISPOIA

[1D] A1an0y
(e} o

[wd] ssaud1Y} 103RISPOIA

<H
| — ]
[Ie}
<K
o
O
o
H (9]
i
o
o o (e») Lo —

Distance from Al casing [cm]

Distance from Al casing [cm]

ZI‘HZ

[1D] L31anpy
o o

F
e
(=) 0o o 0

[wd] ssau o1y} 103RISPOIA
TU_ b~>zu<

i
| Ie)
<t
o
N
Al
(e}

Tbu_ mmwﬁuﬁﬁ IOJRIOPOIN

Distance from Al casing [cm]

Distance from Al casing [cm]

Plate A — MgO reflector — 10 cm
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C Activity Distribution Maps for the TMR Parameter Study

Plate A — MgO reflector — 15 cm
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Plate A — Be reflector — 5 cm
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Plate A — Be reflector — 10 cm
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C Activity Distribution Maps for the TMR Parameter Study

Plate A — Be reflector — 15 cm
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Plate B — Pb reflector — 5 cm
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C Activity Distribution Maps for the TMR Parameter Study

Plate B — Pb reflector — 15 cm
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Plate B — MgO reflector — 5 cm

[1D] Ay1ampdy

[wd] ssauyd1y} 103RISPOIA
[1D] &1anoy

[wd] ssaud1Y} 103RISPOIA

o o o
<t ] (=} =]
— — — °9)
[Te)
<t
O o
N
A 9\l
—
(=)
=} Lo o Lo i
(q\} — —
Lo o
Y] (=} Lo
— — [N
[[9}
<t
O [<p)
o
H g\l
—
o
o Lo o Ie} —
N — —

[1D] &y1andy

Distance from Al casing [cm]

o 0 o [ [o T |
[q\] i —

[wd] ssau o1y} 103RISPOIA
[1D] f1anoy
o Lo

o

N O 10
— o~ DN

| — ]

15

Distance from Al casing [cm]
ZI‘HZ

o Lo} o 0
N ~— —

[wd] ssau o1y} 103RISPOIN

Distance from Al casing [cm]

Distance from Al casing [cm]

Plate B — MgO reflector — 10 cm

[1D] A&y1ampdy

[wd] ssaud1y} 103RISPOIA
[1D] A1anoy

[wd] ssaud1y} 103RISPOIA

o (=] o
O <t N
— — —
[Te)
<t
O o
N
A [qV]
—
(=)
T T T
=} Lo o Lo i
(q\} — —
o Lo o
Lo [\ =] [Te)
— — — DN
o
<t
O [ep)
o
H g\l
—
o
o Lo o Ie} —
N — —

[1D] L31anpy
o o

o
=) Lo (=}
[a\} — —
- Lo
<t
o
%]
[aa)]
g\l
—
o
o 0 o Lo —
N i —

[wd] ssau o1y} 103RISPOIN
[1D] f1anoy
o o

Lo [}
— —
- Lo
<H
[ea}
N
—
o
o Lo} o o —
N ~— —

[wd] ssau o1y} 103RISPOIN

Distance from Al casing [cm]

Distance from Al casing [cm]
ZI‘HZ

Distance from Al casing [cm]

Distance from Al casing [cm]

119



C Activity Distribution Maps for the TMR Parameter Study

Plate B — MgO reflector — 15 cm
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Plate B — Be reflector — 5 cm
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C Activity Distribution Maps for the TMR Parameter Study
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Plate C — Pb reflector — 5 cm

[1D] &y1amdy
o Lo o
[T} (q\] (>} I}
— — — D~

2
A
(=} Lo o Lo i
N — —
[w] ssau DIy} 103RISPOIN
[1D] Ay
o o
Q
an

o Lo o 0
N — —

[wd] ssaudIY} 101RISPOIN

Distance from Al casing [cm]

Distance from Al casing [cm]

ZI‘H2

[1D] &yanpy

& @ 2 o
[wd] ssaud1y} 103RISPOIA
[1D] f1anoy

o o

o Lo o 0
N ~— —

[wd] ssaud1Y} 103RISPOIA

Distance from Al casing [cm]

Distance from Al casing [cm]
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C Activity Distribution Maps for the TMR Parameter Study

Plate C — Pb reflector — 15 cm
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Plate C — MgO reflector — 5 cm
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C Activity Distribution Maps for the TMR Parameter Study

Plate C — MgO reflector — 15 cm
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Plate C — Be reflector — 5 cm
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C Activity Distribution Maps for the TMR Parameter Study

Moderator thickness [cm]
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Plate D — Pb reflector — 5 cm
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Plate D — Pb reflector — 10 cm
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C Activity Distribution Maps for the TMR Parameter Study

Plate D — Pb reflector — 15 cm
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Plate D — MgO reflector — 5 cm
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C Activity Distribution Maps for the TMR Parameter Study

Plate D — MgO reflector — 15 cm

H,O D,O

N
o

—
Q1
=
o
(=}

Activity [Ci]

w
8
Activity [Ci]
oY)
S

Moderator thickness [cm]
S

200

a1

B

o 1 2 3 4 5

Moderator thickness [cm]

o 1 2 3 4 5

Distance from Al casing [cm] Distance from Al casing [cm]
—_ ZrH, —_ Be
£ 20 § 20
g 15 400T g 15 =
£ 5 o
w0 ER 400 2
2 g 2 g
g 5 200 € 5 <
9 g 300
S S
0 1 2 3 4 5 0 1 2 3 4 5
Distance from Al casing [cm] Distance from Al casing [cm]
Plate D — MgO reflector — 20 cm
g
520 w B
7 7
o} - Q =y
g g g 000
g 300 » .8 >
£ 10 T 510 i~
5 gz 350
S 5 200< € 5 <
9] 9]
g 5, L
= =

o 1 2 3 4 5

0 1 2 3 4 5
Distance from Al casing [cm] Distance from Al casing [cm]

ZI‘H2

Be

N
(=)
N
(=)

400 500

—_
a1
—_
a1

400

W
8
Activity [Ci]

Moderator thickness [cm]
S
Activity [Ci]

(€)1
N
o
(=)
a1

—_
—_

Moderator thickness [cm]
)

0 1 2 3 4 5
Distance from Al casing [cm] Distance from Al casing [cm]

o 1 2 3 4 5

132



Plate D — Be reflector — 5 cm
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C Activity Distribution Maps for the TMR Parameter Study

Plate D — Be reflector — 15 cm
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D Automation Workflow for PHITS
Simulations and Data Analysis

The parameter study presented in this work required the generation, execution, and
analysis of a large number of PHITS simulations. The investigated configurations
differed in reflector material, reflector thickness, moderator material, moderator
thickness, and Mo plate position. Since manual preparation and analysis of all
input and output files would have been impractical, a Python-based workflow was
developed.

The workflow consisted of three main parts:

1. Generation of PHITS input files
2. Generation of batch files for execution on the computing cluster

3. Parsing, processing, and visualization of the simulation output data

These three steps were implemented in separate Python notebooks. The first note-
book was used to generate the PHITS input files, the second notebook was used to
generate the cluster batch files, and the third notebook was used to parse the output
files, calculate neutron-flux quantities, determine *’Mo activities, and produce the
plots used for the comparison of TMR configurations.

D.1 Development of the Reference PHITS Input File

The automation procedure started from a manually written PHITS input file for
one reference TMR configuration. This input file contained the complete geometry
definition, material definitions, source description, cell definitions, and neutron flux
tally. Before any automation was introduced, the geometry was checked using the
PHITS geometry plotting functionality. This ensured that the target, moderator,
reflector, and Mo plates were positioned correctly.

After the reference geometry was verified, the quantities that needed to be changed
during the parameter study were identified. These included the moderator dimen-
sions, reflector dimensions, and Mo plate positions. The corresponding numerical
values in the PHITS surface cards were then replaced by Python variables.
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D Automation Workflow for PHITS Simulations and Data Analysis

D.2 Parameterization of the Geometry

The relevant geometry dimensions were stored as Python variables. These variables
represented the boundaries of the aluminium (which separates the moderator from
the Ta target and the reflector), moderator, reflector, and Mo plates. Representative
examples are shown in D.1.

D.1: Representative geometry variables used for PHITS input generation

1 px_Al_bath = 7.900000
2 my_Al_bath = -13.9000
3 py-Al_bath = 13.90000

= 7.750000

4 pz_Al_bath
,_)

6 px_reflector = 12.60000
7 my_reflector = -18.9000
8 py_reflector = 18.90000
9 pz_reflector = 12.75000

2.450000
3.450000

11 mz_Mo

12 pz_Mo

The parameterization allowed the same PHITS template to be reused for all simula-
tion cases. For each moderator thickness and Mo plate position, the script updated
the corresponding surface coordinates before writing the input file.

D.3 Generation of PHITS Input Files

The input-generation notebook was used to generate all PHITS input files for
one selected reflector material, one selected reflector thickness, and one selected
moderator material. For example, the directory

D.2: Example of one input-generation directory

| /Simulations/Ta_Target_Al_Bath/Big/Pb_Ref/5cm/H20_mod/

corresponds to simulations with a 5 cm thick Pb reflector, and a H,O moderator.
After this set of input files was generated, the reflector thickness was changed
from 5 cm to 10 cm, 15 cm, and 20 cm, and the same procedure was repeated. The
reflector material was then changed, for example from Pb to MgO or Be, and the
full generation procedure was repeated again.

The physical meaning of the folder hierarchy is summarized in D.3.

D.3: Physical meaning of the generated folder hierarchy

1 Pb_Ref -> reflector material
2 bcm -> reflector thickness
3 Be_mod -> moderator material
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D.4 Treatment of Molybdenum Plate Positions

4 Thickness_10cm -> moderator thickness
5 2.5cm.txt -> Mo plate position

For each reflector and moderator configuration, the moderator thickness was varied
from 1 to 20 cm. The Mo plate position was varied in steps of 0.5 cm.

D.4: Simplified loop structure for generating moderator thicknesses and plate
positions

1 for moderator_thickness in range(1l, 21):

2

3 create_thickness_directory(moderator_thickness)
4

5 for plate_position in plate_positions:

7 update_geometry (moderator_thickness, plate_position)
8 write_phits_input_file()

The actual PHITS input file was written from a template string. The template
contained the fixed parts of the PHITS model, while the geometry values were
inserted from the updated Python variables. A representative example is shown
in D.5.

D.5: Representative insertion of variable geometry parameters into the PHITS
surface definition

I 6 RPP -6.60000 {x_Al_bath} {y_Al_min} {y_Al_max} -5.37500 {z_Al_bath}

2 ...

3 11 RPP -6.00000 6.000000 -12.0000 12.00000 {z_Mo_min} {z_Mo_max}

4 ...

5 15 RPP -11.6000 {x_reflector} {y_ref_min} {y_ref_max} -5.37500 {z_reflector}

This approach avoided manual editing of the PHITS surface cards and ensured that
all generated geometries were modified consistently.

D.4 Treatment of Molybdenum Plate Positions

The Mo plates were shifted according to the selected plate position. The axial plate
position was updated directly along the z direction, while the lateral plate positions
were shifted outward according to the available moderator thickness. For thin
moderator configurations, the lateral displacement was limited by the moderator
thickness. For thicker moderator configurations, the full set of foil positions could
be used. This is summarized in D.6.

D.6: Simplified logic for updating Mo plate positions

| for plate_position in plate_positions:
2
3

z_Mo_min = z_Mo_min_reference + plate_position
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D Automation Workflow for PHITS Simulations and Data Analysis

4 z_Mo_max = z_Mo_max_reference + plate_position

6 1if moderator_thickness < 6:

7 lateral_offset = min(plate_position, moderator_thickness - 1)
§ else:
9 lateral_offset = plate_position

10
11 update_lateral_plate_positions(lateral_offset)

This ensured that the Mo plate positions remained consistent with the moderator
geometry.

D.5 Generated Directory Structure

The generated directory structure reflected the full hierarchy of the parameter study.
A representative example is shown in Listing D.7.

D.7: Representative generated directory structure

1 Pb_Ref

2|

3 |-- 5cm

4 | I

5 | -- H20_mod

6 | | |

7 | | | -- Thickness_1lcm
8 | | | |-- 0.0cm.txt
9 | | | |-- 0.5cm.txt
10| I I |--

1| I I

12 | | -- Thickness_2cm
13 | | [--

14 | I

15 | | -- Be_mod

16 | | -- D20_mod

17 | |-- ZrH_mod

18 |

19 |-- 10cm

20 |-- 15cm

21 |-- 20cm

22

23 MgO_Ref

24 |

25 |-- 5cm

26 |-- 10cm

27 |-- 15cm

28 |-- 20cm
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D.6 Generation of Cluster Batch Files

This directory structure allowed each simulation case to be identified directly from
its path.

D.6 Generation of Cluster Batch Files

After the PHITS input files had been generated, a separate notebook was used to
create batch files for execution on the computing cluster. The script reconstructed
the same folder hierarchy and wrote the corresponding srun commands for each
PHITS input file.

A simplified version of the batch-generation logic is shown in D.8.

D.8: Simplified generation of cluster execution commands

def generate_srun_commands (moderator_thickness):
plate_positions = [0.0, 0.5, 1.0, ..., 4.0]

if moderator_thickness >= 6:
6 plate_positions += [4.5, 5.0]

8 for position in foil_positions:
9 write_command(f"srun phits.sh {position:.1f}cm.txt")

For moderator thicknesses below 6 cm, only foil positions up to 4.0 cm were exe-
cuted. For moderator thicknesses of 6 cm and above, the full range up to 5.0 cm
was included.

The batch file also contained the required SLURM directives and PHITS environ-
ment setup.

D.9: Representative structure of the generated cluster batch file

#1/bin/sh

#SBATCH --job-name=phits
4 #SBATCH --cpus-per-task=32
5 #SBATCH --partition=jcns-d

7 source compiler-select intel
8 export PATH=/opt/phits322/bin:${PATH}

10 cd Ta_Target_Al_Bath/Big/Pb_Ref/5cm/H20_mod/Thickness_1cm/
11 srun /opt/phits322/bin/phits.sh 0.0cm.txt
12 srun /opt/phits322/bin/phits.sh 0.5cm.txt
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D Automation Workflow for PHITS Simulations and Data Analysis

D.7 Parsing of PHITS Output Files

After the simulations are finished, the PHITS output files were processed using
a separate data analysis notebook. The script first reconstructed the expected
output file paths from the reflector material, reflector thickness, moderator material,
moderator thickness, and Mo plate position.

D.10: Simplified generation of PHITS output-file paths for data processing

I for reflector in reflectors:

2 for ref_thickness in reflector_thicknesses:
3 for moderator in moderators:

4 for mod_thickness in moderator_thicknesses:
5 for plate_position in plate_positions:

7 file_names.append(

8 path_to_output_file(
9 reflector,

10 ref_thickness,

11 moderator,

12 mod_thickness,
13 plate_position
14 )

15 )

The data of each simulation case were extracted from the file path. The neutron flux
spectra were then read from the PHITS tally output. For each scored Mo region, the
script extracted the lower and upper energy bin limits, neutron flux, and relative
uncertainty.

D.11: Simplified extraction of neutron flux spectra from PHITS output files

I for file_name in file_names:

2

3 metadata = extract_metadata_from_path(file_name)
4

5

with open(file_name, "r") as file:

7 for line in file:

8

9 if new_region_starts(line):

10 region = read_region_number (line)

11

12 if flux_table_starts(line):

13 read_flux_values = True

14

15 if read_flux_values:

16 e_lower, e_upper, flux, rel_err = read_flux_line(line)

17

18 store_flux_value(metadata, region, e_lower, e_upper, flux,
rel_err)
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D.8 Calculation of Neutron Flux Components

I

The extracted values were stored in a structured pandas dataframe. This dataframe
contained the complete simulation metadata together with the neutron flux spec-
trum for each Mo plate region.

D.8 Calculation of Neutron Flux Components

The neutron flux spectra were separated into thermal, epithermal, and fast neutron
components. The energy limits used in the analysis were

Ey < 5.0119 x 1077 MeV (D.1)
5.0119 x 1077 MeV < Egpi < 1.0 x 107! MeV (D.2)
1.0 x 107 MeV < Egpe < 20 MeV (D.3)

For each simulation case and Mo region, the neutron flux was summed over the
corresponding energy bins. The PHITS flux values were then scaled to the proton
current used in the activity calculation.

D.12: Simplified calculation of thermal, epithermal, and fast neutron flux compo-
nents

for case, spectrum in grouped_flux_spectra:

thermal_flux = sum_flux(spectrum, E_upper <= 5.0119e-7)

U = W N =

epithermal_flux = sum_flux(spectrum, 5.0119e-7 <= E_upper <= 1.0e-1)
* alpha / (Emin**(-alpha) - Emax**(-alpha))

N O

8 fast_flux = sum_flux(spectrum,bl.Oe-1 <= E_upper <= 2.0e+1)
9
10 scale_fluxes_to_beam_current()

D.9 Epithermal Spectrum Correction

The epithermal spectrum shape factor « was calculated for each simulation case
from the simulated neutron spectrum. As described in Section 3.2.2.1, the epithermal
spectrum was fitted using the logarithmic form given in Eq. 3.17.

Therefore, if s is the fitted slope of In(¢(E) /AE) as a function of In(E), the spectrum-
shape factor is obtained as

a=—(s+1) (D.4)
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D Automation Workflow for PHITS Simulations and Data Analysis

The calculated « value was subsequently used both to determine the epithermal
flux per unit lethargy and to calculate the a-dependent resonance integral employed
in the activity calculation.

D.13: Simplified calculation of « the factor

flux_per_energy = epithermal_flux / energy_bin_width

slope, intercept = fit(log(energy),log(flux_per_energy))

U = W N =

alpha = -(slope + 1)

The calculated a value was then used to evaluate the x-dependent resonance integral
according to Eq. 3.21. A simplified implementation is shown in D.14.

D.14: Simplified calculation of the a-dependent resonance integral

1 resonance_integral = ((

2 ((I_gamma - 0.426 * sigma_th) /
3 (E_r ** alpha))

4+
5 ((0.426 * sigma_th) /

6 ((2 * alpha + 1) =*

7 (E_Cd ** alpha))))

8 * (E_O #x alpha) * le-24)

The factor 10~2* converts the resonance integral from barns to cm?. The resulting
resonance integral was subsequently used in the calculation of the epithermal
contribution to the Mo production rate.

D.10 Flux-Weighted Fast Cross Section

The fast neutron contribution was evaluated using the spectrum-weighted average
cross section described in Section 3.2.2.1. For each simulation case, the neutron flux
in the fast energy region was obtained from the processed PHITS output files. The
energy dependent “*Mo (1, 7)*’Mo cross-section data were read from an external
data file and interpolated onto the PHITS energy bin structure. The effective fast
neutron cross section was then calculated as

Li¢idi
i
where ¢; is the neutron flux obtained from the PHITS tally in energy bin i, and o is
the interpolated microscopic cross section for the same energy bin.
A simplified version of the implementation is shown in D.15.

(D.5)

D.15: Simplified calculation of the flux-weighted fast cross section

1 weighted_sum = 0.0
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D.11 Calculation of Molybdenum-99 Activity

fast_flux_sum = 0.0

for energy_bin in fast_energy_bins:

U = W N

6 sigma = interpolate_cross_section(energy_bin)
7 fast_flux = energy_bin.neutron_flux

8

9 weighted_sum += fast_flux * sigma

10 fast_flux_sum += fast_flux

11

12 sigma_fast = weighted_sum / fast_flux_sum

This discrete implementation is equivalent to the continuous formulation presented
in Section 3.2.2.1, with the integrals evaluated as sums over the PHITS energy bins.

D.11 Calculation of Molybdenum-99 Activity

The activity of each Mo plate was calculated from the thermal, epithermal, and fast
neutron contributions. The production rate and EOI were calculated using Egs. 3.13
and 3.15.

In the implementation, different Mo plate masses were used depending on the
scored region. The larger plates corresponded to regions 7 and 10, while the smaller
plates corresponded to regions 8 and 9.

D.16: Simplified activity calculation for each molybdenum plate region

mass = large_plate_mass if region in [7, 10] else small_plate_mass

1
2
3 production_rate = (thermal_flux * sigma_thermal +

4 epithermal _flux * resonance_integral +
5 fast_flux * sigma_fast)

7 activity = ((mass / M) * N_A * abundance_Mo98 *
8 production_rate *
9 (1 - exp(-lambda_decay * irradiation_time)))

The calculated activities were converted from Bq to Ci.

D.12 Summation of Plate Activities

After the activity had been calculated for each Mo plate region, the individual plate
activities were summed to obtain the total activity for each TMR configuration.

D.17: Summation of plate activities for each simulation configuration

1 total_activity = activity_data.groupby ([
2 "Reflector",
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"Reflector Thickness",
"Moderator",
"Moderator Thickness",

U1l = W

"Foil Position"
7 1) ["Activity"].sum()

o)}

D.13 Visualization and Comparison of Configurations

The processed data were visualized using heatmaps and comparison plots. Heatmaps
were used to show the dependence of the calculated activity on moderator thickness
and Mo plate position for selected reflector and moderator configurations.

D.18: Simplified generation of activity heatmaps.

heatmap_data = activity_data.pivot_table(
index="Moderator Thickness",
columns="Plate Position",

values="Total Activity",

aggfunc="mean"

6 )

7

Tl = W N =

8 plot_heatmap(heatmap_data)

Additional comparison plots were generated to compare reflector materials, reflector
thicknesses, moderator materials, and individual Mo plate regions. These plots
formed the basis for identifying the configurations that maximized the calculated
Mo activity.

D.14 Summary

The automation workflow developed in this work enabled the systematic genera-
tion, execution, and analysis of a large PHITS simulation database. The workflow
started from a manually verified reference PHITS model. The relevant geometry
parameters were then identified, parameterized, and used to generate input files for
different reflector materials, reflector thicknesses, moderator materials, moderator
thicknesses, and Mo plate positions.

A second notebook generated the batch files required for execution on the comput-
ing cluster. After the simulations were completed, a third notebook reconstructed
the simulation hierarchy, parsed the PHITS output files, extracted neutron flux spec-
tra, calculated thermal, epithermal, and fast neutron flux components, determined
cross sections, and calculated the corresponding Mo activities. The resulting
structured datasets were used to compare the investigated TMR configurations in
Chapter 5.3.
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