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Introduction

It is important to mention a necessity of the nuclear databases, especially on
the neutron cross-sections data. Those data can be obtained experimentally or
from the theoretical models. But theoretical models need a precise knowledge
of a nucleus and its interactions, which are still unknown in such a detail we
need it. In this case the obtaining new nuclear data and their verification and
evaluation have an important role. The knowledge of cross-sections is significant
for the nuclear theory and the calculation codes quality is strongly dependent on
the amount of the available experimental data. For this reason the new cross-
sections measurements are needed.

The main goal of my doctoral thesis is to obtain new experimental data in
cross-section measurements, focusing not only on spectral averaged cross-sections
but also on differential cross-sections. It was necessary to prepare a methodol-
ogy for this goal, which I did during my Bachelor and Master studies, where
I mainly focused on measurements in LR-0 reactor. But there was a question
whether 23U (n,f) fission neutrons affect these measurements. Therefore during
my doctoral research I carried out the first experiment on VR-1 reactor, which
has higher fuel enrichment. This experiment, as it is described later in this work,
proved that even 5% of the ?*®*U(n,f) fission neutrons in LR-0 reactor spectrum
does not have a significant influence on the 23U spectral averaged cross-sections
measurements. It also means that for SACS measurements can be used different
experimental reactors. My colleagues followed up on my work and measured more
samples in VR-1 reactor spectrum to validate my result. They also continue with
the measurements in LVR-15 reactor spectrum, where the fuel burn up needs to
be taken into account.

My experiments during doctoral research were focused on the measurement
of various neutron cross-sections. In the neutron field of VR-1 nuclear reactor
I measured Y, Ti, Fe, Nb and Cu reactions. In the accelerator neutron field I
focused on Cu and Y reactions which were also measured in VR’1 reactor. In the
case of the Y sample, I also measured the 3Y(n,3n) reaction, which is impossible
to measure in a reactor neutron field due to the high neutron energy reaction
threshold. Those reactions were chosen due to the evaluation of #3*U(n,f) fission
neutron spectrum under the auspices of the International Atomic Energy Agency
(IAEA) and the lack of experimental data or effort to refine the existing data of
experimental cross-sections. In my previous measurements in the LR-0 reactor
during my Master study I also measured neutron cross-sections with Zr, Mn and
I samples.

The precise knowledge of the integral cross-sections of (n,xn) reactions for 2°U
neutron spectrum is practical also for reactor dosimetry, where those reactions are
used for monitoring of the neutron flux behind a reactor vessel and determination
of its damage, or for refining the 2*>U neutron fission spectrum in a region of higher
neutron energies. On the other hand, the differential cross-sections measured with
accelerator-based neutron sources are important for advanced nuclear technology,
such as the accelerator driven transmutors.

The High Priority Nuclear Data Request List (HPRL) [1] [2] is under the man-
agement of the Nuclear Energy Agency (NEA). This database is a compilation



of the most important nuclear data requirements. The purpose of this list is to
provide a guide for those planning measurements, nuclear theory and evaluation
programmers. In many cases, there is a lack of experimental data for the suit-
able reactions or there is a large amount of disparate data. For example %2Cu,
89Y (n,3n), 9Ti and **Ti(n,p) reactions above 20 MeV do not have data at all and
many of the data are below 20 MeV. Also, (n,3n) reactions for Au have larger
amount of different data which need to be specified. For 'Lu and **Bi(n,4n)
reaction, there is a lack of data.

My Master thesis was focused on the study of the effective cross-sections of
neutron reactions in the reactor neutron field |3]. This PhD thesis follows up
on mentioned Master thesis and focuses on the cross-sections measurements of
(n,xn) reactions not only using the nuclear reactor (the 2**U prompt fission neu-
tron spectrum (PFNS)), but also using the quasi-mono-energetic neutron source
produced at an accelerator. It brings together two separate groups of scientists
working independently of each other and brings not only new data in the field
of measurements of cross-sections, but also new knowledge, from which it follows
that the enrichment of the nuclear fuel does not play a significant role in the
measurement of SACS and thus a wide range of experimental reactors can be
used for these experiments. The aim is also to use the synergy of different types
of nuclear data.



1. Nuclear data

Nuclear data play an important role in the field of physical calculations and
models not only in reactor physics. They are the building blocks of every model
and simulation. As the physical models are used for reactor optimalization the
nuclear data are subject to constant research and refinement. The precision of
physical models is dependent on precision of nuclear data. In a field of reactor
physics it plays a key role in a reactor safety and optimalization. Reactors are
in operation in conservative approach when all safety criteria have to be met
even in the worst case scenario. By minimazing the uncertainty of nuclear data
one can minimaze economic losses and technical problems. Also due to the fact
that reactor vessel is the only irreplaceable part of a nuclear power plant and
damaging it means reactor shut down, it is important to calculate the reactor
vessel radiation damage as precisely as possible.

Nuclear data are also important in the field of advanced nuclear systems such
as generation IV reactors or fusion reactors and accelerator driven systems (ADS)
[4]. In the process of new nuclear reactor designs, nuclear data are used for exam-
ple in a criticality calculations and determination of reactivity coefficients which
is essential for the reactor operation and its safety. These data are sensitive to
nuclear data uncertainties. [5] Thanks to considerable effort in spectral averaged
cross-sections experiments in the field of nuclear reactors we have a good basis
for new reactors design. However in the case of more economical use of nuclear
fuel and thus higher fuel burn up it is necessary to have more precise data. Also
especially in the case of reactors which are cooled by liquid salts or liquid metals
we do not have enough accurate data for neutron interactions with those coolant
materials [4].

Another major problem is with the burned nuclear fuel. Used nuclear fuel
contains transurans with a long half-life and thus causing problems with its stor-
age and reprocessing. This problem can be solved by transmutation of nuclear
fuel. This concept is described in more detail in

Last but not least, accurate nuclear data are also needed for research in the
field of fusion reactors, where 14 MeV neutrons are produced and effective cross-
sections are needed for interactions with fusion reactor construction materials and
for calculating of their radiation damage, as in the case of conventional nuclear
reactors used in nuclear power plants [6].

1.1 Nuclear databases

On the basis of international cooperation, the libraries of nuclear data have been
created and currently they are still being updated with new data and refined.
The library of experimental data which were measured by physicist all around
the world is EXFOR (Experimental Nuclear Reaction Data) library [7]. This
library is compiled by the Nuclear Reaction Data Centres Network (NRDC) un-
der the auspices of the International Atomic Energy Agency (IAEA). NRDC was
established in 1966 to coordinate the collection, compilation and dissemination
of nuclear reaction data in the universal EXFOR format. Data from this library
are subsequently used for evaluation of cross-sections experimental data which



means they are compared to theoretical data obtained from calculated models.
Those evaluated data then form libraries such are ENDF (Evaluated Nuclear
Data File), which is the evaluated nuclear data library in the US [8], JEFF (The
Joint Evaluated Fission and Fusion) [9], JENDL (Japanese Evaluated Neutron
Data Library) [10], CENDL (Chinese Evaluated Nuclear Data Library) [11] or
TENDL-2021, which is a nuclear data library which provides the output of the
TALYS nuclear model code system for direct use in both basic physics and appli-
cations [12|. The code TALYS is deterministic nuclear calculation code capable
of calculating many different quantities from the field of nuclear physics. [13].
These libraries differ in their results for the same reactions because the evalua-
tion process is influenced not only by the used theoretical model but also by the
evaluator itself, their experience and by the experimental data which are used
for some of the model parameters. For the illustration, Figurdl.1|shows “°Ti(n,p)
reaction cross-sections from different data libraries.

Further it would be good to mention the existence of High Priority Request
List (HPRL), which is a list which contains clarification requirements of selected
nuclear data. These requirements come mainly from the nuclear data providers
dealing with calculations for the industrial application of nuclear technologies.
This database is managed by the Nuclear Energy Agency (NEA). This database
is available online and usually serves as a basis for planning new measurements
of cross-sections [14].
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1.2 Nuclear fuel transmutation

The spent nuclear fuel is mostly stored and its further use is not expected, mainly
due to the economic and technical reasons. The Czech Republic is no exception
and that is why the deep geological repository is being planned [16]. One of
the key tasks of advanced nuclear systems is to close the nuclear fuel cycle and
thereby we can not only obtain more energy but also minimize nuclear waste.
Those advanced systems need new precise nuclear data and that is why their
measurements and clarifications are necessary.

Even in classic nuclear reactors, transmutation can be achieved and the fuel
cycle can thus be partially closed. VVER-1000 (Temelin nuclear power plant)
or VVER-440 (Dukovany nuclear power plant) reactors are used in the nuclear
power plants in the Czech Republic, which is a type of pressurized water reac-
tor with 1000 MW (440 MW) electric power. The spent fuel from this type of
reactor contains a lot of actinide isotopes and also fission products with a long
half-life. Some of the actinide nuclides can be converted to fissionable ones of
those fission products can be converted to radioisotopes with shorter half-life by
transmutation. [17].

Fission products such are Sr or *"Cs are short-lived isotopes (half-life is
about 30 years) and thus they can be simply stored until they decay. They also
have a low neutron absorption cross-sections, so they can not be easily trans-
mutated. On the other hand, fission product 21 with the half-life 15.7 million
years can be transmutated to isotopes with much shorter half-life. Table sum-
marizes some of the most common fission products in spent fuel (SF) with their
half-life 17 5.

The transmutation of spent nuclear fuel can allow us to reduce the volume of
high-level nuclear waste and thus enables a significant reduction of storage of SF.
Plutonium isotopes from SF' can be recycled by MOX and REMIX fuel which can
be subsequently used in standard reactors. Heavier isotopes can be transmuted
in fast reactors or in sub-critical reactors. Those sub-critical reactors are based
on a concept of ADS [18] [19] [20] [21] [22].

The concept of radioactive waste and spent nuclear fuel management of the
Czech Republic is the key document that formulates the principles, procedures
and goals of the state for the period until approximately 2030 in the field of spent
fuel. In this document it is stated that spent nuclear fuel will be stored in deep
geological depository and it is not planed for reprocessing it or using as MOX
fuel. However this variant is not excluded in future [16].

1.2.1 MOX fuel

Mixed oxide fuel (MOX) is a nuclear fuel which contains more than one oxide
of fissile material and it is manufactured from plutonium, recovered and used
reactor fuel, mixed with depleted uranium. Using this fuel we can recycle nuclear
fuel from current reactors and also reduce plutonium and uranium. It is also
possible to use weapons-grade plutonium in MOX fuel and reduce its existing
stockpile. This leads to closing of the nuclear fuel cycle. For using this type of
fuel we also need to have precise data for cross-sections, especially for Pu, Am
and Cm. This MOX fuel allow us to transmutate Pu from spent fuel in standard



Table 1.1: Actinides and the most common fission products in SF.

Nuclide T /9
137Cs 30.08 (9)y
OSr 28.79 (6)y
B0y | 2.342x107 (4)y
238pu 87.7 (1)y
29pu 24110 (30) y
240py 6561 (7)y
2 py 14.329 (29)y
22pu | 3.75x10° (2)y
2 Am 432.6 (6)y
BTNp | 2.144x10° (7)y

M2m Am 141 (2)y
243 Am 7364 (22)y
242Cm 162.8 (2)d
244Cm 18.11 (3)y
PTe 0.211x10%y
126G 0.230x10%y
™Se 0.327x10%y
9Bzyr 1.53x10%y
135Cs 2.3x10°%y
107pq 6.5x10°y
1291 15.7x10%y

nuclear reactors.

Plutonium isotopes are produced in every nuclear reactor. 23*Pu and **'Pu
are fissile and thus approximately half of 2*Pu is burned in reactor and provides
one third of the total energy. So the higher burn-up of the fuel is, the less Pu is
in the spent fuel. Typically about 1% of the spent fuel is Pu isotopes, so about
70 tonnes of Pu is removed from nuclear reactors worldwide each year. This Pu
can be used to substitute the fresh fuel with U enrichment. We also have a
significant amount of Pu from ex-military sources [23].

To produce this MOX fuel, partitioning, which is a chemical process of separat-
ing the different elements in the spent nuclear fuel, is needed. More information
about this fuel, its chemistry and Pu separation from the spent fuel can be found
for example in [24], respectively in [25] or [26].

An alternative for the MOX fuel is a REMIX fuel (Regenerated Mixture). This
REMIX fuel is produced directly from a non-separated mix of recycled uranium
and plutonium from reprocessing of used fuel.

1.2.2 ADS and MYRRHA

Our society faces the increasing demand for electricity and renewable energy
sources cannot fully satisfy the global demand, so the nuclear energy plays an
important role. During the operation of nuclear power plants, high-level radioac-
tive waste (HLRW) [27] is produced and technical and socially acceptable solution
for this waste is necessary. Geological disposal of this waste is a good solution but
the time scale needed for the radio-toxicity to drop to the natural uranium level



is very long. This problem can be solved by accelerator-driven reactors, which
will make it possible to effectively transmute transuranics in the spent fuel. The
development of such accelerator driven transmuters can be enabled by the project
MYRRHA, which is Multi-purpose hybrid research reactor for high-tech applica-
tions [28] [29].

This sub-critical reactor is based on ADS. This concept produces fission with-
out achieving criticality in reactor (k.sr< 1). In order to sustain the reaction an
external source of neutrons is used, which is placed at the center of the core where
the spallation reactions are used for neutron production. It means the high-energy
protons from the accelerator are impinging on a target from a heavy metal such
as lead. The neutron spectrum is made of two parts, the fission spectrum and
high-energy tail up to the energy of the incident proton. The high energies of
neutrons are needed because the probability that these neutrons induce a fission
of the actinides in SF is higher than the neutron capture and then the actinides
are trasmutated into fission products instead of just becoming heavier elements
by neutron capture. This neutron capture cross-section is higher for slow, ther-
mal neutrons, so this transmutation system needs a fast neutron spectrum. It
also means, that those systems cannot be cooled by water, because water is a
neutron moderator, so here, liquid metals like sodium and lead or gasses such He
are used. In addition, these materials can provide much more efficient cooling,
which is necessary in this case. This is also why we need as precise as possible
nuclear data for those materials [30].

ADS reactors also have an advantage in comparison to fast critical reactors
which is fuel loading of actinides up to 40% of the core inventory. The reactivity
control of critical reactors is mainly driven by the delayed neutrons and actinides,
which have a smaller value of those delayed neutrons compared to uranium iso-
topes. So the higher the amount of actinides in the core is, the faster the reactor
become. Therefore those critical fast reactors can be loaded up to the maximum
of 5% of actinides [28].

MYRRHA is a future project, the European first large scale research of ADS.
On 7th September 2018 the Belgian Federal Government decided to build it on
the SCK CEN (Belgian Nuclear Research Center) site in Mol. It will consist
of 4 major components: the linear accelerator, the lead-bismuth eutectic cooled
reactor, the proton target facility and the full power facility. It will be constructed
in 3 phases, where phase 1 is a design and construction of the first linac section
up to 100 MeV and it is scheduled for completion in 2026. Phase 2 will be the
extension of the 100 MeV linac to 600 MeV and it is planned to be finished in
2033. Phase 3 is a reactor construction which is scheduled to be commissioned
in 2036 [31]. The visualization of this MYRRHA reactor can be seen in Figure
[1.2] This facility is conceived to work in both sub-critical and critical modes,
so besides transmutation it will have a wide range of applications, from fuel and
material developments for Gen IV systems and fusion reactors, to radioisotope
production for medical applications allowing less invasive cancer treatment. The
reactor core is going to be composed of a lattice with 183 hexagonal channels, Pu
enrichment about 30% and liquid Pb-Bi cooling system.
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Figure 1.2: The sub-critical reactor MYRRHA schematic view.

1.3 Neutrons cross-sections theory

The cross-section itself represents the probability that some reaction occurs and
for neutron reactions the excitation function has three parts, as can be seen in
Figure [1.3] The specific shape of the excitation function depends on the energy
of the reaction, whether it is an exothermic or endoergic reaction. The first part
is 1/v region with the neutron energy below 1eV. In this area the cross-section
is inversely proportional to velocity of the incident neutron. The second part is
resonance region with neutron energy from 1eV approximately up to tens of keV.
In this region plays a crucial role the nucleus structure, because the resonances
origin are the excited states of the nuclei which is produced. If the neutron energy
corresponds to the energy of excited state of the produced compound nucleus, the
cross-section is significantly higher. Those two parts of cross-section are measured
by the online method where the prompt ~ rays of scattered particles and other
reaction products are measured during the irradiation itself. The used method of
measurement is the Time-of-Flight principle (ToF). It is the measurement of the
time taken by the particle to travel a distance through some sample. From this
information we can obtain which energy the neutrons had when passing through
the sample at that time. For this technique we need a neutron source which
works in pulse mode, which is usually the spallation source. The well-known
facility focused on this type of measurements is n'TOF in CERN.

The third cross-section part is the higher energies region, where the distance
between resonances reaches the width of resonances and thus we can not distin-
quish them and the result is smooth excitation function. In this region also the
threshold of (n,xn) reaction takes place. The method of cross-section measure-
ment in this area is usually the offline measurement method, where the measure-
ment takes place after the irradiation. There are various methods, which depend
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on the studied material. In this work I will describe just one method which I
used in my experiments, and it is a gamma spectrometry method. We can use
this method due to the fact that the reaction pruducts are unstable and undergo
the following decay which can be measured by the detector. In this work I fo-
cused on the study of (n,xn) reactions measurements not only in reactor neutron
spectrum to obtain SACS but also in accelerator neutron spectra to obtain dif-
ferential cross-sections. The cross-sections study in the nuclear reactor neutron
spectrum is mainly used for the data validation and in my experiments I use the
research reactors in the Czech republic, LR-0 [42] and also VR-1 [46] reactor. For
the differential cross-sections study I used cyclotron with quasi-monoenergetic
neutron spectrum. This spectrum contains monoenergetic peak and some back-
ground, which needs to be subtracted. The both types of used neutron sources
for the cross-sections study are described later in this work as well as the back-
ground subtraction of neutron spectra in accelerator measurements or also the
gamma ray spectrometry basis and the HPGe (High Purity Germanium) detector
characterization, which is also essential for the cross-sections measurements.
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Figure 1.3: The #*U(n,f) reaction cross-section. [15]
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2. Gamma ray spectrometry
theory

The gamma-ray spectrometry deals with the measurement of the energy and the
intensity of gamma rays. From measured spectrum we can obtain the activity,
which is the quantity that indicates the speed of nucleus decays. The unit is
Becquerel [Bq].

dN
A= —=-)\N 2.1
dt ’ (2.1)

where A is the decay constant that is different for each radionuclide and dd—]tv is
the change of radioactive nucleus quantity at the time. For my experiments are
essential to measure the gamma ray. In all of my experiments the High Purity
Germanium detector (HPGe) for the gamma ray measurement, which is a type of
semiconductor detector, was used. The short description of the HPGe detector,
the theory of gamma ray interaction with this type of detector and spectrum
description will be described in following sections.

2.1 HPGe detector

For gamma ray measurement it is possible to use also scintillation detectors which
has better efficiency, which is given by high proton number of crystal, further more
it has shorter dead time in comparison to the HPGe detector. In my experiments
I used a HPGe detector because of its energy resolution. Here I will describe
only HPGe detector principles. In my bachelor thesis the description of the
scintillation detector principles and semiconductor detectors as a whole can be
found [32].

2.1.1 The construction of HPGe detector

HPGe detector has to be cooled down because of the energy band gap in semicon-
ductors. Thus it typically has a liquid nitrogen reservoir. Its main part is Dewar
vessel which contains liquid nitrogen with temperature 77 K. The preamplifier is
placed with Ge crystal in vacuum and is cooled with detector.

The detector cup is mostly from aluminum and must be light to minimize the
absorption of gamma rays that we want to measure by the detector.

For the more accurate measurement of a radioactive sample it is necessary to
shield the detector with measured sample from natural background. The natural
background include for example detector material itself, cosmic rays, rays from
surrounding materials etc.

For attenuation of surrounding rays it is applicable to close the detector with
the sample into the lead cover as is in the Figure The inner side of the lead
cover is covered by copper due to shielding the high lead X-rays. Copper itself has
lower X-rays. Of course we can not shield our natural background perfectly. We
measure the background spectrum first before the sample measurement and after
it, this spectrum is subtracted from the spectrum of the sample. An example
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Figure 2.1: Example of HPGe detector shielding

of background spectrum in LR-0 laboratory is in the Figure It contains
some significant peaks. The biggest one is from potassium “°K with the energy
1460.8 keV. Other peaks come from decay series of U and Th. At the low energies
these are the peaks from X-rays of shielding materials as are Pb, Cu, Cd and Sn.

2.1.2 HPGe characteristic parameters

The main characteristics parameters of germanium semiconductor detector are
efficiency of the detector, energy and time resolution and ratio of Peak/Compton.

We distinguish more than one detector efficiency. The main ones are the
relative efficiency, intrinsic efficiency, absolute full efficiency and absolute peak
efficiency [33](34].

The relative efficiency is efficiency relative to the measurement at standard
Na(T1) scintillation detector and is set for point source °Co which is placed on
the axis of detector in the distance 25cm and is measured 1000s. This value is
specified by the manufacturer of the detector and the error must be less than
10%. The relative efficiency R.s could be computes from the equation [33]

P - 100
t-A-1.2-1073

Repp = (%], (2.2)
where P is net peak area at the energy 1332.5 keV of the source ®°Co, ¢ is live time,
A is activity of source in the time of measurement and 1.2 - 1073 is conversion
coefficient. Using this equation, the efficiency specified by manufacturer should
be verified.

Intrinsic efficiency of detector is ratio of detected quanta and number of quanta
which go into the sensitive part of detector. This efficiency is only one, which is
independent on measurement geometry.
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Figure 2.2: Example of background spectrum measured by shielded detector

The absolute efficiency is the ratio of all detected quanta in detector and
number of quanta emitted by a source.

The absolute peak efficiency is a ratio of detected quanta in FEP and quanta
emitted by source at same energy as FEP. This efficiency is dependent on energy
and forming efficiency curve which is in the Figure 4.7

We need to have a good HPGe model to have a good detector efficiency not
only for a point souce, but also for a source with some volume, such are the
measured samples. For a volume samples the efficiency is not measured, but
calculated by the MCNP code. More about this problematic is written later in
this thesis in the section [4.1.3.

The energy resolution of detector is described by Full Width at Half Maximum
(FWHM). It is stated for photon energies 1332keV and 122keV by the manufac-
turer.The detector can usually distinguish two peaks which are 3 FWHM apart.
If peaks are closer, the detector assess them as one peak as can be seen in Figure
(b).

This energy resolution is dependent on detector property and its electronics.
Thus for FWHM hold in equation

FWHM - Rtotal =\ Rget —|— Rzl, (23)

where Ry is the resolution of detector and R,; is the resolution of electronics
[34].

The time resolution of the detector is described by the dead time. It is a time
interval during which the detector is insensitive and does not detect anything.
The dead time depends on the physical processes in the detector crystal and also
on its electronics and the intensity of gamma rays which come to the detector.
The more intensive source is, the lower the detection efficiency of the detector is.
For measurement more intensive sources, it is better to place them farther away
from the detector.
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Figure 2.3: Energy resolution of detector [34]

The ratio of Peak/Compton expresses the detector ability to detect low ener-
gies when the higher energies are present. It is presented as a ratio of the 1332 keV
peak height of the ®°Co source and the average height of the Compton continuum
plateau between 1040 keV and 1096 keV [33].

2.1.3 Statistics of detector processes

The interaction of v quanta with the matter of the detector take place on the
microscopic level and so it follows the laws of quantum mechanics which are based
on the probability. The nucleus decays are random, thus the caused ionization is
also random.

Probabilities of measurement of impulse certain values are followed by Poisson
distribution which is described by the function

Ake—A
k'

f(k;A) = (2.4)
where A is the average number of events per interval, e is Euler’s number and k&
takes values 0, 1, 2, ...

When we have large amount of impulses (minimum is dozens of impulses)
the Poisson distribution proceeds to the Gauss distribution. In gamma-ray spec-
trometry the large amounts of impulses are usually measured, that why Gauss
(normal) distribution is used, which is described by the function

—(z—p)?

flz)=a-e 27 | (2.5)

where p is mean of the distribution, ¢ is standard deviation and a is a parameter
of height.
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If the detector detected N interactions, thus according to Gauss distribution,
the standard deviation is 0 = ++/N. It means that if we repeat the measure-
ments, the 68.2% of all detected interactions are in the interval (N - o, N + o),
95.4% are in the interval (N - 20, N 4+ 20) and 99,6 % are in the interval (N -
30, N + 30). It can be seen in Figure 2.4
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Figure 2.4: Gaussian (normal) distribution

The relative error of the measurement A is determined by the ratio /N or A
=N /N. That means the relative error is smaller when the number of measured
impulses N is bigger. For the error less than 1% we need more than 10* measured
impulses.

2.2 Gamma ray interaction with the HPGe de-
tector

We have three possible gamma radiation interactions with the matter, which are
photoelectric absorption, Compton scattering and pair production.

2.2.1 Photoelectric absorption

The photoelectric absorption occurs at the bound electrons in an atom and the
most frequently at the K-shell. Photon transmits its whole energy to the electron
which is ejected from the shell. The energy of ejected electron E, is therefore
equal to the energy of photon £, reduced by bounding energy Ej:

E.=E, — E, (2.6)

The atom is in exited state after the electron ejection. It can deexcite by filling
the vacancy left by ejection of a higher-energy electron. It falls into left vacancy
and emits a characteristic X-rays. Alternatively the atom could deexcite by Auger
effect. The probability of photoelectric absorption is expressed by cross section
7 which depends on atomic number 7 of matter and also on energy of gamma
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radiation:
T~ 2" EY, (2.7)

where n is within the range 3 and 5, depending upon energy of photon. Thus
photoelectric absorption dominates at lower energies and at materials with higher
Z. For the gamma-spectrometry, the photoelectric absorption is one of the most

(@)
E

e

/\-E/Y\J Electron
Y ray

Electron

(b)
yray
KOC
X-ray

Figure 2.5: Photoelectric absorption mechanism (a) and the X ray fluorescence
(b) [34]

important interaction among gamma radiation with matter. During this process,
the whole energy is transferred to the electron. The photoelectric absorption
scheme is in the Figure [2.5

2.2.2 Compton scattering

The Compton scattering occurs at free electron or electron which is weekly
bounded, thus at valency layer of an atom. The free or weakly bounded elec-
tron is ejected from atom after collision with the photon. In this case the original
photon does not cease of exists as during photoelectric absorption, but loses only
a part of its energy and is scatted from original direction. The relation for recoil
electron energy follows from the conservation laws of energy and momentum [34]:

1
B, (oot (2:8)

moc2 )

E.=E,—E, =E,)l -

(1+

where E, is the energy of original photon, E:y is the energy of scattered photon,
my is the electron rest mass and 6 is the scattering angle. Extremes for Compton
scattering are for angles 8 = 0° and # = 180°. The original photon does not lose
its energy (F. = 0) and its scatter is zero, when the angle § = 0°. Whereas when
the angle is # = 180° the original photon is backscattered and its loss energy is
the biggest, but it never loses all energy. The expression in square brackets is
closest to one for an angle of 180 decrees. The scheme of Compton scattering is
in Figure [2.6]

In the Figure of theoretical spectrum it is seen Compton edge which corre-
sponds to the scattering angle 180° of original photon. The theoretical decrease
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Figure 2.6: Compton scattering [34]

of Compton edge is abrupt, but practically occurs as milder decrease which is
indicated by the dotted curve in Figure It is caused by multiple Compton
scatterings of photon.

Full energy
.| of gamma-ray

< Number per energy interval

6=180°
Energy absorbed ———»

]
o
°

Figure 2.7: Theoretical spectrum of transferred energy to absorber by Compton
scattering related to scattering angle [34]

Probability of Compton scattering is expressed by cross section o which de-
pends on atomic number of material Z and on the energy of photon E,. It could
be approximately written by expression [34]

o~ Z/E,. (2.9)

Compton scattering is elastic and not coherent. It also exists as coherent
scattering when the energy of photon is not changed. Only its momentum is
changed, thus the original photon solely changed its movement direction. This
coherent scattering dominates for higher wavelengths of radiation, that is a reason
why the representation of this coherent scattering is small.

2.2.3 Pair production

Pair production takes place within the Coulomb field of nucleus. As a result
is conversion of gamma ray into an electron-positron pair. The scheme is seen
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in Figure [2.8] This interaction could occur only if the energy of gamma rays is
greater than 1022 keV which is equivalent to the combined rest mass of the two
produced particles (511 keV each). This energy should be computed by Einstein
equation E = mc?, where m is a mass of particle and ¢ is speed of light in vacuum.
The created positron is slowed down to the thermal energy and than annihilates
with electron, resulting in two annihilation photons with the energy of 511 keV
each. The annihilation mostly occurs of the order 1ns after the electron-positron
pair origins.

Ee
EY

R 4 electron
incident y ray

positron

V\/\'e\’\>

2 . . . +
annihﬁlahon Photong (5
11

ke V)

Figure 2.8: Electron-positron pair production [34]

Probability of pair production is expressed by cross section x [34]
Kk~ Z*In(2E,). (2.10)

This interaction causes, in the gamma ray spectrum, the annihilation peak
and so-called single and double escape peaks. After the photon annihilation, two
photons with 511 keV each, arise. These photons could again interact in detector
or leave the detector without the interaction. In the case just one photon leaves
the detector, the single escape peak is created and in the case both of them leave
the detector, the double escape peak is created.

2.2.4 Cross-sections of each interaction

In Figure , the total experimental cross section o, on a carbon and lead atom is
shown. The result is curve compound from curves a, b, ¢, d and e, where the curve
a shows the photoelectric absorption, curve b is the Rayleigh (coherent) scattering,
¢ corresponds to the Compton scattering and curves d and e are electron-positron
pair production, where d is a pair production in the field of the nucleus and e is
in the field of the atomic electrons.

2.3 Gamma ray spectrum and Genie 2000

Output of the measurement in gamma-ray spectrometry is an spectrum of en-
ergies. Spectrum shows the dependence of channel number (channels in multi-
channel analyzer) to the counts per the channel. The channel number should be
transferred to the energy by the energy calibration. In the spectrum we can see
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Figure 2.9: Probabilities of each interactions

interactions of gamma rays with the material of detector and with the surround-
ing material as a detector shielding. The peaks, which are results from the full
absorption of its photon in the detector, are important for radioactive isotopes
identification. These peaks are caused by photoelectric absorption or by multiple
Compton scatterings followed by the photoelectric absorption or the pair produc-
tion followed by photoelectric absorption of both annihilation photons. In the
Figure we can see the characteristic spectrum of '¥7Cs. This radionuclide
has only one peak with the energy 661.7keV. The part of spectrum before the
full energy peak (FEP) is caused by the Compton scattering and we can see the
Compton edge.

Full energy peak
(661.6 keV)

Backscatter

continuum edge

~ Pulse pile-up

i@ .,‘, TR )
Multiple ‘#ﬁ# P
compton r] 'l' "vi ‘F

Channel number (energy) ——»

Counts per channel (log scale) ————»

Figure 2.10: Example spectrum of 37Cs

Multiple Compton scattering is between the Compton edge and FEP. The
part of spectrum behind the FEP is a pulse pile-up. It is a condition where two
pulses are generated so close in the time that effectively a single composite pulse
is produced. It is also referred as a random summing [34]. Backscatter peak is
caused by Compton scattering out of the detector (for example in the shielding)
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and scattered photon is detected by detector.

In the area of Compton scattering could be another peaks which are caused
by the electron-positron pair production. It includes the annihilation peak and
also double escape peak and single escape peak. Annihilation peak is always on
the energy 511keV and it is caused by detection of photon created by electron-
positron pair production out of the detector (for example in a detector shielding).
Unlike single escape peak (SEP) is 511keV before FEP and double escape peak
(DEP) is 1022keV before FEP as we can see in the Figure

Full energy peak
(1778.9 keV)

Bremsstrahlung Double Single
escape
Backscatter escape
(756.9 keV} (1567 g keV)

1

Pair production, ‘

511keV 1 5qqkeV. | . 511keV. -
(annihilation

peak)

Counts per channel (log scale)

Channel number {energy) ———

Figure 2.11: Example spectrum of 23Al [34]

In the spectrum we can also see the characteristic peaks of X-ray and summing
peaks. The X-ray peaks are usually at low energies in the spectrum and they are
caused by photoelectric absorption. The summing peaks are cased by the sum of
two or more peaks of one radionuclide.

Let us consider two models of a detector, purely from a theoretical point of
view. If we assume a model of a really small detector, we will see only double
escape peak in the spectrum and we do not have counts in the area between
FEP and Compton edge. It is because in a very small detector occurs only one
Compton scattering and not multiple Compton scatterings, because the photon
leaves the detector earlier. Whereas in the second model of infinity detector we
have only FEP. That is because whole energy of gamma rays are absorbed in a
detector [34].

The measured spectrum can be evaluated in many ways. In this work I will
describe just one program, Genie 2000, which I used in my experiments for spec-
trum evaluation and obtaining the net peak area (NPA) of interested peaks. The
evaluation in program Genie 2000 has a few basic steps. Firstly is needed to
do energetic and efficiency calibration of the detector. Then the analysis of the
measured spectrum can be done. This analysis include finding of the peaks, as-
signment of radionuclides to each peak, fit by Gaussian function and determining
peak area (NPA), which is essential for the cross-sections calculation. In the fol-
lowing subsections, I will describe in more detail each step of spectrum evaluation
in program Genie 2000.

2.3.1 Energy calibration

Before the measurement the energy calibration is needed to do. That means
to assigned each channel of MCA (multi-channel analyser) to the energy. It
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is usually linear dependence between the energy of photon and the channels.
Energy calibration is frequently made by using point sources 37Cs, ©°Co, 24! Am,
152Fy, !33Ba etc., because their peaks cover the required energy range. The
energy calibration also includes determination of parameters characterizing the
dependence of peak shape on energy. These parameters are half-width FWHM
and low-energy tail of the peak. The example of energy calibration by program
Genie 2000 is in Figure where can be seen the linear dependency.
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Figure 2.12: Energy calibration in program Genie 2000 [306]

2.3.2 Efficiency calibration

For determination of the amount of isotope in the sample, respective activity,
it is needed to do the efficiency calibration of the detector. First of all I need
to mention that we have more efficiencies, such are relative efficiency, absolute
peak efficiency and total efficiency, but for gamma-ray spectrometry, the absolute
peak efficiency is essential and thus this type will be described in more detail.
Absolute peak efficiency of the detector, for set geometry of the sample and its
specific location relative to the detector during the measurement, depends on the
energy.

Efficiency of detector is thus the conversion factor between the measured peak
area and the activity of sample and hold the equation [36]

NPA

=" K
tlive',u'y

Ay , (2.11)
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where NPA is net peak area, tj;,. is live time of the measurement without dead
time of detector, Y is intensity of the peak, p is the detector efficiency, and K
is the decay correction during the measurement and correction to the reference
time, which is discussed later in this section. Value Aq is therefore the activity
of sample at the beginning of the sample measurement.

Using the calibration sources with known activity, the efficiency curve for the
detector can be determined from the equation An example of this calibration
in the program Genie 2000 is in Figure where the upper window is in a linear
scale and the lower one is in a logarithmic scale. Used calibration sources were
CMI standards of EG3 type (point sources) ©°Co, 137Cs, 24! Am, 133Ba and '%?Eu.
But for the samples measurement itself, the calculated efficiency curve by MCNP
code was used . This curve can be seen in Figure The measured curve
using the point sources can not be used because the measured samples are not
the point source. The difference between measured efficiency calibration and
calculated efficiency by MCMP code can be seen in Figures and It
is also important to mention, that efficiency is also dependent on the source to
detector distance.
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Figure 2.13: Efficiency calibration measured using the EG3 sources

2.3.3 The spectrum evaluation

The spectrum can be evaluated after the energy and the efficiency calibration.
This evaluation include some steps, which could be set into a sequence in program
Genie 2000. Therefore is not necessary to repeat each step for each spectrum sep-
arately. Using the sequence we can save the time. In Figure is one sequence
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Figure 2.14: Efficiency calibration calculated by MCMP code

example of steps evaluation, where the arrow indicates the steps direction. Firstly
the program is using the second derivation to find the peaks, after that their area
is calculated by fitting the Gauss function. This area is subsequently corrected
to the natural background and then the efficiency correction is made. Finally the
nuclides are assign to the peaks by using Genie 2000 database and the results are
written to the final report .
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Figure 2.15: Sequence of spectrum evaluation in Genie 2000
The parameters of sequence are set by the Setup Algorithm. In Figure [2.16

can be seen the Peak Locate setup, where initial and final channel of evaluation,
statistic of significant peaks against Compton continuum and the tolerance of
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peak position can by set. In Figure is more detailed set for the peak fitting

[36].
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Figure 2.16: Peak Locate setup
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Figure 2.17: Setting of fit the peaks of the spectrum by nonlinear least squares

method

The Genie 2000 program output is the final report, where for each peak,
the NPA is determined. This area is corrected only to detector efficiency and
background radiation, but we need to include the correction for the radioactive
decay during the measurement and also the correction to the chosen reference
time.
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2.3.4 The correction for radioactive decay during the
measurement

Due to the measurement of radionuclides with a short half-live in comparison to
the time of the measurement we must apply the correction for the decay during
the measurement and the correction for the reference time. Correction K has
been determined for measured NPA by the equation

Mg Atreal - K

TR v : (2.12)

e
where t,.4; is the real time with a detector dead time, A is the decay constant and

t4 is the time between the chosen reference time and the start of the measurement.
Derivation of the equation is following;:

NPA_O
g(x)=NPA_O

"""1x,,kf(x) - e:\(.|am:bda t)

0 t_real t

Figure 2.18: The derivation of correction for decay during the measurement

In Figure [2.3.4 the time dependence of NPA during measurement is shown. If
the radionuclides with the long-time half-life had been measured (when the time
of measurement is negligible), then the NPA would not change in the time of the
measurement, thus the green hatched area in Figure would be

NPAg - trea, (2.13)

where NPA, is the initial NPA and ¢,.4 is the real time of the measurement. In
our case the NPA during the measurement decreases exponentially, that the area
under the curve e, which is red hatched in the Figure , needs to be calculated

treal A\ 1 It ]_ — 6_/\treal
NPA, / e Mdt = NPAy(—~eMbeet) = NPAg—
0 A A
By the ratio of the equations and we obtain the correction for decay
during the measurement. This correction is needed to be multiplied by a correc-
tion to a chosen reference time. The reference time ¢,.; was set as the start of
measurement of the first sample. This correction for the reference time is

(2.14)

ek(treali 7tref)7 (215)
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where t,¢4, is the start of the measurement of each i-th sample. The resulting
correction is therefore the multiplication of equation with the ratio of the
equations and The final result is the equation 2.12]

The corrected N in the units of impulses per second can be calculated from
the equation

NPA A\t )\treal o
Liive [ 1-— e*"treal] =5 (2.16)

where t;,. is the live time of the measurement without the dead time of the
detector.

2.3.5 The parent-daughter correction

This is a correction for the activity increase of the daughter radionuclide from the
parent radionuclide. In the case of radionuclide measurement which has a parent
radionuclides with a very short half-life (on the order of seconds), we do not
have to perform this correction. But in the case when the parent radionuclide
has a long half-life, we need this correction. In this section I will derive this
parent-daughter correction.

The transformation of the parent radionuclide is independent of the daughter
radionuclide and is governed by the differential equation 2.1} The daughter ra-
dionuclide originates from the parent radionuclide and decays itself. The change
in the number of its atoms N5 in the time dt consists of two terms. The first
characterizes the rate of its formation, which is equal to the rate of decay of the
parent radionuclide, and the second term indicates the rate of its decay through
its own transformation. So it applies [38]

dN.
—2 = ANy — Ao Ny, (2.17)
dt
where N; and A, are for the parent radionuclide and N, and Ay are for the
daughter radionuclide. We get the substitution for the parent radionuclide from
the decay law:

dN:
S N, — NG =0, (2.18)
and after the integration [38]
A
N, = N?)\ : X (e Mt — e7A2t) 4 NGe—A2t, (2.19)
2 — A1

Depending on the mutual ratio of the values of the conversion constants A,
and Ay of both radionuclides, the conversion equations are simplified in certain
cases. As an example I will consider the radionuclides as “°Ba and *°La. The
half-life of the parent radionuclide is greater than the half-life of the daughter
radionuclide. After a certain, sufficiently long time, which depends on the half-
life of the daughter and parent radionuclide, a stationary state occurs. The
ratio of activities and the number of atoms of the parent and daughter nuclide
is constant, and the number of atoms and the activity of both nuclides decrease
with the same half-life, namely with the half-life of the parent nuclide, in our case
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with the half-life 1*°Ba . Time to equilibrium assuming zero amount of daughter
radionuclide after the end of irradiation, i.e. in the case when N9 = 0 is [3§]

tp > 10 Tng/(Tl — Tz) (220)

For our specific case of "Ba and *°La, the result is ¢, = 19.35 days.

Since we do not know the initial amount of **°La at the time of the end of the
irradiation, we can use the Genie 2000 program for the parent-daughter radionu-
clide correction. The correction for the activity of the daughter radionuclide in
this program is calculated by the equation [36]

Ap )\D€_>\Ptd<1 _ e_APtreal)

D orr — Dy — kppF
0,C 0 PD OAD 0 )\Pef,\ptd(l — e—ADtreal)

—1], (2.21)

where Dy is the activity of the daughter radionuclide without correction, F is the
activity of the parent radionuclide, kpp is a dimensionless constant determining
how much of the parent radionuclide is transformed into the parent radionuclide
(in our case it is 1, i.e. 100% of the parent radionuclide is transformed into
a daughter [39]), A\p is the decay constant for the daughter radionuclide, Ap is
the decay constant for the parent radionuclide, t,., is the time of measurement
including the dead time and ¢, is the time from the reference time to the beginning
of the measurement.

2.4 Samples irradiation theory

As was already mentioned, for the cross-section measurement, the activation
method and gamma spectrometry measurement were used in my experiments.
The question is, how long we need to irradiate the samples for the cross-section
result, to obtain as low uncertainty as possible.

The equation ¢ = N;ol shows the relation among the reaction rate ¢ and
density of particle low I by which the sample is irradiated, to the number of
target nuclei N; and to the cross-section ¢. In the case the product of sample
irradiation is not radioactive, the product nuclei number increases linearly, but
in our case we have product of irradiation, which decay itself, so the number of
its produced nuclei depends on the irradiation time. This relation is represented
by the equation

N(t) = ~(1 — e Mirr), (2.22)

where ¢, is the irradiation time. When the irradiation time t;.. — 0o, N(00) =
q/A. We can express this equation in activity [34]:

At) = Ag(1 — e M), (2.23)

where A, is the saturated activity, which is the maximum activity that we can
achieve during the sample irradiation.

From this equation we can see that the irradiation time is dependent on the de-
cay constant of the resulting radioisotope. The saturated activity is then reached
after approximately ten half-lives, but the irradiation is in practice shorter be-
cause the saturated activity is reached early for short-lived radioisotopes. For the
case of long-term radioisotopes, it is not possible to reach the saturated activity
by the irradiation in a reasonably long time.
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3. Neutron sources and their use
for neutron reaction studies

For the advanced nuclear technology the missing nuclear data have to be sup-
plemented and neutron reactions have to be studied in more details. That is
the reason, why the neutron sources are needed. In this chapter the three types
of possible neutron sources will be described in more detail, a nuclear reactor,
accelerator-based neutron sources and 22CHf.

3.1 Research nuclear reactors

In contrast with power reactors, research reactors serve primarily as neutron
sources and are low-power. Technically they are simpler and operate at lower
temperatures. Due to this, the heat released by the fission can be taken away
just by the natural water flow without a circulation pump (not necessarily). On
the other hand, research reactors need more enriched uranium, typically up to
20% of 2%U. To summarize the usage of research reactors worldwide, I use the

table |3.1] from [40].

Table 3.1: Common applications of 273 research reactors from around the world

(2014) [40].
Type of application Number of research reac- | Number of
tors involved member states

hosting utilized
facilities

Teaching and Training 172 54

Neutron activation analysis 125 54

Isotope productions 94 45

Material irradiation 75 29

Neutron radiography 71 40

Neutron scattering 50 33

Transmutation (doping of sil- | 31 20

icon)

Geochronology 25 21

Boron neutron capture ther- | 23 13

apy

Transmutation (gemstones) 22 13

Other 126 31

More technical information about worldwide research reactors can be found
in [41], which is the IAEA’s Research Reactor Database, containing technical
information on over 800 research reactors in 67 countries.

3.1.1 LR-0 reactor

The LR-0 reactor is used for VVER reactor core characteristic experimental mea-
surement. It is a zero power and light water pool type reactor. Maximum thermal
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power is 1 kW and water volume is 20m?. The reactor vessel is located in a con-
crete shielding bunker and is made of high-purity aluminum. In addition to the
fuel and absorption clusters, the reactor core also has a dry channels for measure-
ment instruments. The fuel is in the shape of hexagonal prism of type VVER
1000 or VVER 440 [42].

The LR-0 reactor has been designed in a universal manner. It is suitable for
physics experiments on VVER-type reactor core with a wide range of cartridge
quantities, fuel enrichment, along with various concentrations (0 - 12 gl™!) of
H3BOj3 in the moderator and configurations of absorptive elements in the car-
tridges. The reactor diagram can be seen in Figure and its parameters are
summarized in Table [3.2] One of the most important research is the experimen-
tal verification of radiation damage to reactor vessels. More details about this
reactor can be found in my bachelor thesis [32] and in my master thesis as well
[3] (My previous work was mainly focused on the measurements done with LR-0
nuclear reactor in research center in Re# in the Czech Republic). The neutron
field of this reactor is well described. To validate spectral average cross-sections it
is necessary to have a well-defined neutron field in the reactor (the computational
mathematical model of the reactor core). Behind this there are many experiments
including the power profile measurement by single fuel assembly pins measure-
ments and I dealt with this issues in my Master thesis, where it is described in
detail in chapter 3 [3].

Diameter 3.5m

Height 6.5m

Maximum output 1 kW

Maximal output for up to 1 | 5kW

hour

Maximum thermal fluence 10%nm=—2s7!

Pressure atmospheric

Temperature room or up to 70°C after heating
Fuel assembly type PWR 1000 (Temelin NPP) and

PWR 440 (Dukovany NPP)
Active length of fuel assem- | 1250 mm

bly
Fuel assembly sheathing ZrNb
Tablets (fuel cell contents) | UO,

Enrichment 1.6 - 4.4% *°U

Controlling method through the level of the modera-
tor, boric acid

H3BO3 in moderator 0 az 12g/kg

Absorbing clusters B,4C

Shielding concrete bunker, cadmium sheet
metal, mobile platforms and a
gate

Table 3.2: Basic technical parameters of LR-0 experimental reactor in Rez. [42]
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Figure 3.1: The experimental reactor LR-0.

3.1.2 VR-1 reactor

The VR-1 is a school training reactor, located at the Czech Technical University
in Prague, mainly for the students of the Faculty of Nuclear Science and Physical
Engineering. It is a low power pool type, light water reactor with IRT-4M fuel
type (Figure with 19.7% of 23°U enrichment. Its design satisfies the require-
ment of easy accessibility to the reactor core in order to provide education to
students and training to qualified staff of nuclear industry and is in operation
since 1990. Its core is assembled on the top of a core support plate with 8 x8 cells
in a square lattice geometry (Figure . The number of fuel elements depends
on the core configuration. The reactor is also equipped with five to seven control
rods and, of course, experimental channels. Those control rods are made of a
cadmium plate sheet wound on an aluminum tube inserted inside a stainless rod.
Number of control rods depends on the core configuration [45].

The reactor body has the shape of an octagon and has two reactor vessels
which are placed next to each other. One is for the reactor core consisting of fuel
cells and second one is used for fuel handling and storage during experiments.
Both vessels are interconnected but it is possible to separate them by a watertight
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Figure 3.2: The core configuration of VR-1 reactor. [43]

-

. Operational power measurement

w

shutter. The reactor vessels are made of stainless steal, their height is 4.7 m,
diameter is 2.3 m and both of them have a reinforced bottom to 2 cm.

The fuel for the reactor is supplied by the Russian company TVEL. Due to
the low power, the fuel burnout is negligible (less than 0.1g of **U burns out in
the reactor during 1 year). So the fuel rods service life is determined only by the
corrosive properties of their coverage. Alternatively, they may be mechanically
damaged. For such case hermetic stainless steal case is prepared in which the
damaged fuel cell can be placed. Fuel tubes are available in two versions - 6-tube
fuel assembly and 8-tube fuel assembly. Also due to the low power, the heat
dissipation takes place by natural flow.

The reactor is being started-up by Am-Be neutron source which is placed
inside a shielding container below the reactor vessel and it is moved pneumatically
by pressurized air into the reactor core.

The VR-1 reactor parameters are summarized in the Table |3.3|

Table 3.3: VR-1 reactor parameters. |46

Nominal thermal power 100 W
Reactor type H»0
Temperature 20°C
Enrichment 19.7% 235U

Geometry Square
Pressure Atmospheric
Fuel type IRT-4M

3.1.3 LVR-15 reactor

The LVR-15 reactor was the first research reactor in the Czech Republic and it
has been operating since 1957 in the Institute of Nuclear Physics in ReZ near
Prague as a VVR-S reactor with a thermal power of 2 MW. After 30 years of
operation, the reactor underwent reconstruction which aimed to increase power
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Figure 3.3: IRT-4M fuel scheme. [47]

and increase in safety to the current reactor LVR-15. The reactor serves not
only the research purposes but also the production of radiopharmaceuticals and
radioisotopes for medical purposes. Its scheme can be seen in the Figure |3.4
where 9 horizontal channels used for experiments (HK1-HK9) can also be seen.

It is a light water tank-type research reactor placed in a stainless steel ves-
sel under a shielding cover. The reactor vessel diameter is 2300 mm, height is
5760 mm and the weight without water is 7900kg. The fuel type is the same
as for VR-1 reactor, IRT-4M. This reactor operation runs in three weeks long
campaigns. Technical parameters are summarized in the Table

IRT-4M fuel (Figure has active length of 600 mm and its cladding is
made of aluminum. The reactor core contains from 28 up to 34 fuel assemblies
depending on the needs of the current campaign. Also 12 fuel assemblies are
constructed for inserting control rods (8 of them are compensation, 3 are safety
rods and 1 is automatic regulator). The possible core configuration can be seen
in Figure where 5 middle core blocks contain cases with highly enriched 235U
for the radiopharmaceutical Mo production. Some of published papers using

LVR-15 research reactors are , , , and .

Table 3.4: LVR-15 reactor parameters. |47

Maximal thermal power 10 MW
Reactor type H-0
Temperature max. 56°C
Enrichment 19.75% 23U

Absorber B4C

Pressure Atmospheric

Fuel type IRT-4M
Water volume 22 m?>
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Figure 3.5: LVR-15 core configuration. [48]

3.2 Accelerator as a neutron source

Accelerator-based neutron sources have an important role in the field of higher
neutron energies. Nuclear reactor mean value of neutron energy is approximately
2MeV and the vast majority of produced neutrons are below 10 MeV. So in the
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range of 10 MeV up to hundreds of MeV we need an accelerator as a neutron
source. In comparison with a cross-section measurement in the nuclear reactor, we
are able to measure the differential cross-section for each neutron energy thanks
to the mono-energetic spectrum of such neutron sources.

Neutron has a neutral charge, so it can not be accelerated by an electric field.
The fast neutrons are produced by specific reactions of accelerated charged par-
ticles with some kind of a suitable target. The neutron spectrum is given by this
target material, the target thickness and the characterization of the accelerated
charged particle.

The continuous spectrum is mostly produced in the thick target where the
beam ions gradually lose their energy in the target itself. On the other hand,
mono-energetic spectrum is mostly produced in thin targets. The continuous
spectra are widely used in the study of material radiation damage, testing of
radiation resistance of electronic devices, neutron radiotherapy or for integral
validation of nuclear data. Mono-energetic neutron spectra are mainly used for
measurement of discrete values of cross-sections for specific neutron energies to
obtain the excitation function. The mostly used target materials are described
in more detail in the following subsection [53] [54].

3.2.1 Target materials

Among targets used in accelerator driven neutron sources are mainly deuterium,
lithium and beryllium or high atomic number materials.

The most effective reaction for neutron production is spallation, which pro-
duce white neutron spectrum, where no energy dominates significantly. It is
the reaction caused by the collision of a high-energy proton with a high atomic
number material such as lead. Proton energies in this case are relativistic in
the range of hundreds and thousand of MeV. De Broglie projectile wavelength
at these energies is significantly smaller than the diameter of the target nuclei,
so the impact particle does not interact with the nucleus as a whole, but with
individual nucleons. Neutrons produced in spallation reactions are of three types.
First ones are produced during the collisions of relativistic protons with nucleons.
These neutrons also have relativistic energies and thus can cause other spallation
reactions and their momentum is mainly of forward direction. Second type of
neutrons are those which are emitted by the nucleus before the thermal equilib-
rium is reached. These neutrons have energy in the order of tens of MeV. Third
type of neutrons are those, which are emitted by nucleus deexcitation and their
energies are in the order of units of MeV. The first spallation neutrons can trigger
further spallation or a fission process to produce the next generation of neutrons,
but not in meaning of a chain reaction, so this process is non-critical and it is
used in sub-critical nuclear reactors like the research reactor MYRRHA, as was
mentioned above in [I.2 But this is a very expensive way how to produce neu-
trons because to produce the high energy proton the big accelerator is necessary.
This neutron production was studied for example in [55] with activation detec-
tors. As an examples of spallation sources in the word I would like to mention for
example Time-Of-Flight (n_TOF) facility at the European Laboratory for Parti-
cle Physics (CERN), which is a pulsed white-spectrum neutron spallation source
designed to study neutron-nucleus interactions. [56] Another would be the Eu-
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ropean Spallation Source (ESS) which is presently under construction in Lund,
Sweden [57).

A cheaper way of neutron production is by the reaction of protons with en-
ergies up to 100 MeV with light targets such as p-Be or p-Li reactions which
produces mostly the quasi-monoenergetic neutron spectrum

p+TLi — "Be+n—1.65MeV

9 9 (3.1)
p+°"Be—="B+n—185MeV

Their threshold energies are 1.88 MeV for Li and 2.08 MeV for Be. The thick
Be target is mostly used for production of a continuous neutron spectrum. Its
advantage is the high melting point temperature for Be, which allows us to op-
erate it at high charged particle intensities. Also the cross-section of protons or
deuterons with this material is high in the range of units and tens of MeV. Disad-
vantage of Be is its toxicity and this makes the manipulation with it complicated.
For the mono-energetic neutron spectrum thin Be target can also be used, but in
this case, Li target is used more often. Relatively low energy impact protons (no
more than tenths of MeV) produce a purely mono-energetic neutron spectrum.
For higher energies of impact protons, there is an extension of continuous neutron
background and then we get quasi-mono-energetic neutron spectrum. This back-
ground is significant, but it can be separated by a suitable correction (this will
be mentioned later in the subsection . Thick Li target can be used also for
the production of continuous neutron spectrum but Li has much lower melting
point temperature in comparison with the Be (1287°C for Be and 180.5°C for
Li). One of the interesting Li reaction is "Li(d,n)®Be. This reaction produces a
neutron spectrum with the mean value around 14 MeV which is convenient for
the imitation purposes of the fusion reactor neutron spectrum.

For the neutron production deuterium and tritium reactions (*H(d,n)He,
SH(d,n)*He, 3H(p,n)*He) can also be used. Here the mono-energetic neutron
spectrum is produced. Deuterium is usually used in the form of gas or heavy
water D,O. In the case of gas deuterium it is necessary to have a high pressure
in the target to achieve required target density. Disadvantage of this gas target
is the possibility to use only the low particle intensity in an accelerator because
with the high intensity a local heating may occur and thus a density reduction
in the target. Due to this the liquid deuterium target is mostly used. But even
here a very good cooling system is needed to minimalize the occurrence of steam
bubbles.

It is also possible to use solid tritium target which is widely used for 14 MeV
neutron production by the interaction of target with deuterons. Those targets are
usually produced by evaporation of Ti and Zr layer on a thin Cu backing, with
a subsequent absorption of 3H gas in it. Problem of those neutron generators is
their high operation cost.

3.2.2 NG-2 and U-120M

The production of the fast neutrons at the Institute of Nuclear Physics of the
Academy of Sciences of the Czech Republic (NPI CAS) is mainly ensured by the
neutron source NG-2, operated by the cyclotron U-120M. More neutron sources
exist (research reactors, AmBe source, PuBe source or Cf and PET center), but
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this one was used for our purposes, which is why it is described here in more
detail.

Cyclotron itself is composed of two duants and charged ions are accelerated
in the gap between the duants using an electric field with periodically changing
polarity. Duants curve the ion trajectory via magnetic field. The trajectory
of ions is circular with increasing radius. The cyclotron frequency has to be
constant in order to accelerate more than one particle beam effectively, but in
classical cyclotron with constant magnetic induction. It is only possible in the
non-relativistic case where the mass change is negligible. Cyclotron modification
means increasing the magnetic induction with increasing ion radius, which allows
to compensate the relativistic growth of the particle mass. This modified device
is an izochronous cyclotron.

Cyclotron U-120M is placed in Nuclear Physics Institute of CAS in the Czech
Republic and it is able to produce a continuous neutron spectrum or quasi-mono-
energetic neutron spectrum using different neutron sources. This izochronous
cyclotron is in operation since 1977, provides beams of accelerated ions (p, H™,
DF, D™, 3He?", “He?") and can operate in wide range of energies (1-55MeV).
Beams of accelerated particles with currents from units of nA to tens of pA are
intensively used for a wide range of basic and applied research experiments. The
acceleration modes of positive and negative ions differ not only in energy and
intensity but also in the way they are extracted. Positive ions are extracted by
means of three sections of electrostatic deflection system with a magnetic kicker.
Negative ions are extracted by a stripping method using a thin carbon foil. The
parameters of accelerated beams are summarized in [3.5

NG-2 is a target station connected to the negative beam of U-120M accelera-
tor. Depending on the target material this station produces a continuous neutron
spectrum or a quasi-mono-energetic neutron spectrum. This station also ensures
the cooling of the target and defines the positions for sample placement [58] [59].

Table 3.5: Parameters of accelerated beams from the U-120M cyclotron|58].

Tons Energy [MeV] | Max. current [pA]
H* 1-37 >200
H* 6-25 5
H~-/H* 6-37 50-30
D+ 2-20 >80
D+ 12-20 )
D~ /DF 11-20 35-20
SHe? ™ 3-55 20
SHe?t 18-52 2
‘He?* 4-40 40
‘He?* 24-38 )

3.3 22Cf as a neutron source

Last but not least, mentioned in this thesis, is the *2Cf neutron source, which is
the only neutron spectrum standard with a spontaneous fission neutron spectrum.
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This standard spectrum is tabulated within the range of 1 - 10719 MeV to 30 MeV.
The TAEA evaluation is based on [60] within the range of 0.1 MeV to 20 MeV.
Above 20 MeV and below 0.1 MeV the spectrum is loaded with large uncertainty
due to the lack of experimental data.

The ?2Cf(s.f.) source is based on a spontaneous fission with a half-life of
2.645 years, so this is one of its disadvantages, because it needs to be replaced
regularly. Another disadvantage is that it cannot be turned off, so shielding is
required when it is not being used. During the spontaneous fission, a number
of fast neutrons is emitted. This neutron spectrum is considered as a standard
and thus it is a suitable neutron source for the nuclear data measurement. The
integral cross-sections data can usually be measured much more accurately than
differential nuclear data, so this neutron source is important for improving integral
performance [61]. More information about the cross-sections measurement using
the 252Cf neutron spectrum is described in several previously published papers by
my colleagues, in one of which I was also involved ([62], [63], [64] and [65]). As
an example of a measurement with the Cf source worldwide I mention [66] and
[67] as examples.
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4. Specific cross-section
measurement experiments

There are many possible methods, how to experimentally obtain cross-sections,
but our focus is mainly on an activation method. The small activation foil or the
suitable amount of powder sample is placed into the neutron field (**?Cf, reactor
or accelerator) and irradiated. For this work were specifically selected materials
of Y, Cu, Ti, Fe, and Nb.

The material is chosen based on the reaction we are interested in. It is usually
a thick foil, wire or pressed powder, ideally pure material consisting of just one
isotope. In the target material, new nuclei are produced during the irradiation
in the neutron field by the ongoing reactions. Irradiated activation material is
subsequently analyzed by gamma-ray spectrometry at High Purity Germanium
(HPGe) detector. Measured gamma spectrum contains direct reaction products
or a product of their decay series. Due to this it is possible to determine the
number of nuclei produced by the reaction during the whole irradiation time.
Detectors and methodology for gamma radiation detection and gamma spectrum
analysis are described in a number of textbooks and review papers (|68],[69],|70],
[71]) The necessary corrections for various experimental conditions are also dis-
cussed here. Specific formula for calculation of the reaction yield is [72]

E At
SpeakCabs( 'y)Cstab breal € °treal )\tir?"

E — Y
IWEP( ”/)CCOIOsquare tive 1 — € Alreal 1 — e—Atirr

where Speqr is the gamma peak area, Cgps is self-absorption correction, Clgp
is a neutron beam stability, I, is gamma emission probability, ep is detector
efficiency, Ccor is true cascade coincidences correction [73], Csguare 1S square-
emitter correction, t,., is a real time of HPGe detector measurement, t;,. is
a live time of HPGe detector measurement, t;.. is a irradiation time, A is a
decay constant and ty is time between end of the irradiation and start of the
HPGe detector measurement. The fraction t,eq/tive represents the correction to
detector dead time. The last two fractions represent the correction to reference
time (the end of irradiation), correction to the decay during the measurement
and correction to the decay during the irradiation, which was derived in chapter
2.

The self-absorption correction and the square-emitter corrections were calcu-
lated in MCNP[37] by my colleagues. The Ccoy is determined from the equations,
which were published in [74], where this correction were obtained for each nuclide
taking into account the decay data from DDEP/BIPM-5 database. The equations
for the most intense gamma emissions of a selected nuclides are summarized in
[74]. Those equations can be used for our purposes. As an example, I will show
the equations for °°Co

Nyicla = (4.1)

1173.2keV — F5(E) = [1 — 1.0001€7(1332.2)]

1332.2keV — F5(E) = [1 — 0.9988¢7 (1173.2)], (4.2)

where F9(E) = Ccor and €! is the total detector efficiency for the photons of
given energy, which was calculated in MCNP [37].
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The reaction rate is than determined by the equation

Nyield I Vyield
= = 4.3
q N mNg ( )

where N is the number of nuclei in the irradiated sample, m is a sample mass, N,
is Avogadro constant and M,, is molar mass. More detailed derivation of reaction
rate equation is described in thesis attachments.

4.1 Reactor experiments

In this section all my work will be summarized, which was mainly focused on
spectral averaged cross-section measurement in the neutron field of a nuclear re-
actor. During my research, many experiments were performed ([72], [75], [76]).
Spectral averaged cross-sections were measured in the LR-0 reactor and the re-
search behind it will shortly be discussed in the following three subsection (more
details can be found in [3]). Other subsections in this section will describe in more
detail the possibility of spectral averaged cross-sections measurement using VR-1
reactor with more enriched fuel, where the burn up effect need to be included.

4.1.1 LR-0 reactor experiments

For the cross-sections measurement using the nuclear reactor it is essential to
know the neutron field in a given position of the reactor. My previous work was
focused on the measurement with LR-0 reactor.

As a summary of my previous work in LR-0 neutron spectrum, I will mention
cross-sections measurements of *°Zr(n,2n), **Mn(n,2n) and '*"I(n,2n) reactions.
All of those three samples were in form of encapsulated ZrO;, MnO, and Nal.
An example of ZrO, capsule can be seen in Figure [£.1] This is readily available
form and this choice includes the suitable neutron properties of oxygen, low ab-
sorption and scattering. The samples were irradiated in the special core, which
is well characterized LR-0 reactor zone, and can be seen in Figure After the
irradiation, the capsules were measured at HPGe detector. All three samples are
big in volume, so the good detector characterization for the efficiency calculation
is needed (see the subsection [4.1.3). Experiment results are summarized in Table
41l

Since this issue was the subject of my Master thesis, the details are not dis-
cussed here. More details can be found in my papers [75], [77] or in my Master
thesis [3]. In the following subsection, the characterization of its neutron field is
summarized. In the second subsection the HPGe detector characterization, which
is also essential for cross-section determination, is mentioned. It is also important
to note that, in the case of cross-sections measurements in a reactor field, we ob-
tain a spectrum averaged cross-section (SACS) not a differential cross-section for
each neutron energy as we can get from accelerator measurements. This integral
cross-section for the whole neutron spectrum is primarily used for the differen-
tial cross-section measurement validation or, in the case when the cross-section
is well known, the measurement in reactor spectrum is important for the refine-
ment of 23°U fission spectrum above 10 MeV. Nuclear data libraries vary widely
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Figure 4.1: The photo and the scheme of ZrOy capsule with the activation foils
positions (red rectangles). [75]
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Figure 4.2: Radial plot of the LR-0 special core with capsule position. [75]

in this area. As an example, in the Figure is shown a comparison between
ENDF/B-VIIL.0 and JEFF-3.3 neutron fluxes #**U PFNS. It can be seen that
above 15MeV it starts to vary, but the number of neutrons above 15 MeV is ap-
proximately 2.87E-05. Overall, the number of neutrons in the reactor spectrum
with the energy above 10 MeV is small.
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Table 4.1: Results of °Zr(n,2n), ®*Mn(n,2n) and *2"I(n,2n) reactions cross-section
[75].

»Mn(n,2n | *I(n,2n) | *Zr(n,2n)

A [Bq] 8.046 453.872 47.91
q [s7 5.13E-21 2.78E-20 2.40E-21
SACS in reac-

tor spectra > 10 163.6 858.4 76.8
MeV [ub]

Cross-section in

235]] PFNS [mb)] 0.2393 1.2087 0.107
Uncertainty [%)] 6.45 4.36 3.88
250 I I I | I
235U PFNS comparison —e—
200 |
X
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Figure 4.3: Difference between ENDF /B-VIIL.0 and JEFF-3.3 25U PFNS. [48]

4.1.2 Characterization of LR-0 neutron field

Well characterized LR-0 zone is the reactor core with 6 fuel assemblies and 1 dry
channel in the middle of this reactor core. This reactor zone arrangement is called
special core. This characterization is briefly described in chapter 3 in my Master
thesis [3]. To validate the reactor model it was necessary to compare two results
of calculations and experiment - critical height and power profile. The criticality
experiment was performed with an empty dry channel in the middle of reactor core
and with graphite inside this dry central channel. The power profile of the LR-0
reactor was measured by gamma activity of single pins from fuel. The advantage
of LR-0 reactor is the possibility of disassembling the fuel into individual rods.
Those specifically chosen rods from reactor core were measured in a laboratory
specially designed for this purpose. The lead shielding was used to reduce the
contribution from non-collimated parts of fuel pins. An automatic movable and
rotating mechanism was used for the measurement, so the pin rotated during the
measurement and automatically shifted its measurement positions after finishing
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the previous measurement, to reduce manipulation with the fuel and personal
radiation exposure. The permeability of the lead shielding and its correction
determination was the main part of my Bachelor thesis For a better model,
which is not the subject of this work, more experiments were performed and are
briefly described in my Master thesis as well .

4.1.3 Characterization of HPGe detector

This HPGe detector characterization is important because the detector efficiency
is needed for the cross-section calculation. I dealt with this problem in chapter
4 of my Master thesis . For the detector model and thus the determination
of detector efficiency of non-point source, the detector parameters need to be
obtained. Not all detector parameters are provided by the detector manufacturer
and some parameters can be different (see Table or can change over the
detector lifetime (detector insensitive layer). The detector characterization was
mainly based on the detector radiogram, which was made by detector irradiation
in the distance of 5 meters from pure *"Cs gamma source. Important values
for the detector model were measured from the radiogram . Additionally, the
thickness of detector insensitive layer was measured experimentally, using special
lead collimator, which allowed the measurement in 90° as well as in 45° [78]. This
result can be seen in Figure

5018
0.21

02

=
E 016

011
25

Figure 4.4: 3D graph of detector insensitive layer thickness [3].

4.1.4 VR-1 reactor experiments

During my doctoral research I focused on the reactor cross-sections measurements
first to follow up on my previous work. My Master thesis was focused on the cross-
sections measurements in LR-0 reactor neutron spectrum. In many, previously
published, papers (for example |72 or , it was proven, that this reactor
neutron field is close to the ?°Ul(n, f PFNS I will mention the measurement
of ZrOy capsule in LR-0 reactor as an example This material is important in
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Table 4.2: Experimentally determined detector parameters from radiogram [75].

Measured value Uncertainty [cm] Manufacturer
[cm)] Y data [cm)]
Crystal radius 3.003 0.010 3.059
Crystal length 5.525 0.020 5.58
Hole radius 0.482 0.011 -
Hole length 4.420 0.035 -
Cap  thickness |, g 0.013 0.1
(aluminum)
Pin radius 0.331 0.024 -
P contact | a6 0.026 -
length
Gap  thickness | o) 0.018 0.4
(vacuum)

reactor physics because the fuel cladding is from zirconium and thus the cross-
section of this material needs to be well known. Also due to the fact, that the
obtained result of Zr cross-section was in good agreement with the measurement
of Mannhart [80], it was one of the proofs that the LR-0 reactor core is well
described. Additonally various samples were measured, such as Mn, Ta, Fe or
Y in LR-0 reactor core in a special holder for measurement of axial and radial
inhomogenities of neutrons flux. The result was that the neutron field is nearly
homogenous [72]. The neutron spectrum in the core is, in general, not identical to
the fission one because of the scattering reactions. But it was shown in [79], that
PENS and reactor spectra have a similar shape from a certain energy boundary.
The lower limit is around the energy of 5.5 - 6 MeV. This is sufficient for us as
we investigate reactions with a threshold above 5 MeV.

However, the question whether the 23¥U(n,f) fission neutrons, which make up
about 5% of neutron field in the LR-0 reactor core, affect the measurements or not,
was still open. In order to confirm the use of the methodology, an experiment in
VR-1 reactor, which has higher enriched fuel, was carried out. Spectra of those
reactors varied in the region of low energy due to better moderation in VR-1
reactor (see the Figure [4.5).

During the VR-1 experiment I cooperate with my colleagues from CTU, who
have an MCNP model of the VR-1 reactor [79]. In the following subsection I
describe calculations for this experiment and in the last subsection I describe the
experiment itself with its results.

4.1.5 VR-1 calculations

As was mentioned, for the cross-section measurement, neutron spectrum in the
reactor is needed. This VR-1 spectrum with a specific reactor core configuration
(Figure , called C13 zone, was calculated in criticality mode of the MCNP6
code. The spectrum has been calculated using the track length estimate of the
cell flux in 640 group structure in the cylindrical volume with a diameter of 6 cm
and a thickness of 0.5cm in the position corresponding to a foil position. This
volume was subdivided using mesh tally angularly to four quadrants and radially
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Figure 4.5: LR-0 and VR-1 reactor spectra comparison. [43]

with a step of 0.5cm. In the whole volume the average thermal neutron flux
density was calculated. By this average density was divided the thermal neutron
flux in each volume segment. The thermal neutron flux difference in the volume
segments can be seen in the left panel of Figure beside the average value. But
although the thermal neutron flux is consistent, the reaction rate distribution for
8Ni(n,p) reaction has more significant inhomogeneity. The reaction Ni(n,p) has
higher threshold energy, so the fast neutron flux distribution is less consistent in
comparison with the thermal neutron flux. This effect can be seen in the right
panel of Figure This inhomogeneity can be caused by the fuel geometry,
which is influenced by the manufacturing tolerances. Also the zone configuration
can affect it (for example the positions of control rods or dry channels).

Neutron flux E < leV 58Ni(n,p)

1.05
1.01 1.04
1.01 1.03

1.00
1.00 1.02
1.01 1.01
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0.97

1.01 0.96
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Figure 4.6: Calculated inhomogeneity at the foil irradiation position in the reactor
radial channel.

The VR-1 reactor neutron spectrum was measured by stilbene detector and
compared with the calculation model which was obtain by the criticality
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measurement [82], reaction rates determination [83] and by kinetics parameters
[84].

Additionally after this VR-1 experiment, my colleagues continued with the
research [44]. In general, a neutron spectrum in the core is not identical to the
pure fission one because fission neutrons undergo many scattering reactions. But
it is possible to show that 23U PFNS and reactor spectra have a similar shape
from a certain energy boundary. This limit is important for experiments, be-
cause when the studied reaction threshold is over this limit, the spectral averaged
cross-sections in PFNS can be derived from the reactions measured in the reactor
core. The evaluation of the neutron spectrum measurements in three different
thermal-reactor cores shows that this lower limit is around the energy of 5.5 —
6 MeV. Above this energy the reactor spectra becomes identical with the 23°U
PFNS. TAEA ENDF/B-VIIL.O PFNS is within 5% of the measured PFNS from
10 to 14 MeV in the LR-0 reactor, while ENDF /B-VII evaluated PFNS underes-
timated measured neutron spectra. This important conclusion was published by
my colleagues in [79], therefore the experiment in the VR-1 reactor plays a key
role in this research.

4.1.6 Measurement and results

For VR-1 experiment, the foils of Ni, Nb, Cu, Y, Ti and Fe were chosen (the same
materials as was used for the LR-0 reactor measurements). The most important
reaction in this experiment was 8Y(n,2n)%8Y, because it has high reaction thresh-
old and thus, if the VR-1 has a different tail of 233U PFNS, the results will vary.
The foils were irradiated in the middle of the VR-1 reactor radial channel for
8 hours with a nearly constant reactor power of 340 W. The sample of Cu had
bigger dimensions, so the corrections for flux loss and spectral shift were neces-
sary (effect of the case when the Cu foil is upside-down was about 1.14%, which
was measured experimentally with 0.5% uncertainty - see Table . The HPGe
detector efficiency was calculated in the MCNPG6 code. The thickness of the de-
tector insensitive layer was also experimentally measured for the detector model.
More detailed information was described in chapter 4 of my Master thesis [3].
The efficiency example for the detector, which was used for the measurement,
can be seen in Figure [4.7, where not only calculated efficiency points at different
distances from the detector end cap are shown, but also some points measured
by using standard point sources such are Co, 88Y, 92Eu, 137Cs, 2*!Am and
more. Then in Figure the detector efficiency calculations and measurement
comparison is shown.
The final 235U SACS was then determined by the equation

q X
K x fE>threshold ¢(E>dE

where C' is the self shielding correction factor and flux loss factor 3|, K is the
scaling factor for the number of neutrons in reactor zone, ¢ is the reaction rate
and ¢(F) is the calculated neutron flux in the reactor. The K factor was deter-
mined from a reaction rates of 2"Al(n,a) and 5®Ni(n,p) reactions and represent
the neutron flux. It was equal to 1.2078E+13 with the uncertainty 3.6% [85].
For reactor experiment it is necessary to know the self shielding correction
factor. It is the relation between the SACS in the real geometry and SACS in the

C, (4.4)

o =
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same geometry, but with void cells. It can be calculated in MCNP. This problem
is described in more detail in my Master thesis 3] in chapter 6.4.

Table 4.3: %*Cu foil comparison with upside-down and upside-up measurement.

Energy [keV] Counts per second | Comparison [%)]
1173.2 upside-up 0.170226 0.336
1173.2 upside-down 0.169656 )

1332.5 upside-up 0.156561 1,599
1332.5 upside-down 0.154097 )
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Figure 4.7: Detector efficiency - measured and calculated.

Results for spectral average cross-sections are summarized in Table [£.4] Ob-
tained results confirm correctness of previous experiments in the zero power re-
actor LR-0. Those result thus confirm the hypothesis that even 5% of #3U(n.f)
does not have a significant influence on SACS uncertainties. The VR-1 reactor
experiment had similar results as the LR-0 reactor experiment despite the dif-
ference in fuel enrichment (3.3wt% for LR-0 and 20wt% for VR-1), as can be
seen in Table In this table the measured results were also compared with
IRDFF 1.05 nuclear data library. The uncertainties are based on statistic uncer-
tainty (uncertainty of detector counts, more measurement of one foil and average
value determination) and systematic uncertainty (uncertainty in source emission
and uncertainty in reference Au and Ni monitors). More details about the deter-
mination of uncertainties are described in section [4.4]

Other measurements in reactor neutron spectrum are still ongoing. Not only
in the VR-1 reactor spectrum, but also in the LVR-15 (the reactor parameters
are mentioned in reactor spectrum, which is more complicated. Due to the
fuel burn-up effect, which can be neglected for example in the LR-0 and VR-1
reactors, it is necessary to also take into account the contribution of ?*°Pu to the
reactor spectrum due to its high operating powers. So, the neutron spectrum
in this reactor is a linear combination of 2**U PFNS and ?Pu PFNS. The 23U
PENS could be neglected due to its 0.13% contribution. The fuel composition
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Figure 4.8: Calculated detector efficiency compared to measured detector effi-
ciency at the detector end cap.

Table 4.4: SACS results for VR-1 reactor experiment. [43]

Reaction VR-1 SACS [mb] | uncertainty [mb)]
Y (1,2n) 0.1709 0.0115
4Ti(n,p) 10.738 0.719
TTi(n,p) 17.896 1.181
Ti(n,p) 0.294 0.0199
*Fe(n,p) 72.994 4.964
B Cu(n,a) 0.528 0.036
BN (1,20) 2Nb* 0.444 0.029
¥ Ni(1,x) Co 0.239 0.016

and its burn up effect is being calculated by the code NODER [86]. The burn up
is calculated according to the irradiation history for each element of reactor core
and according to the fission density. What this reactor core layout could look like
can be seen in [3.5 More details about the **U SACS measurement in the field
of the LVR-15 reactor can be found in [48].

4.2 Accelerator experiments

The experiments in the neutron spectrum of the accelerator neutron source were
carried out to complement the 22U SACS, used to validate nuclear data libraries,
with a differential cross-section. The goal of adding these accelerator experiments
was also to expand my awareness of both of these methods of measurement and
validating nuclear data, which are essential for advanced nuclear systems. For this
purpose I performed experiments with the group of researchers who are focused in
this field. Their research included many reactions ([87], [88], [89], [90]). From my
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Table 4.5: SACS results comparison in reactor spectrum of VR-1 and LR-0 with
IRDFF nuclear data library. [43]

Reaction VR-1/IRDFF [%] | VR-1/LR-0 [%)]
9Y (n,2n) 1.12 1.73
Ti(n,p) -6.71 -
4"Ti(n,p) 0.31 -
*Ti(n,p) -1.87 -3.29
*Fe(n,p) -8.38 -5.19
®3Cu(n,a) 7.36 -
9Nb(n,2n)%Nb* -4.41 -

previously measured samples, they were besides focused on Y reactions, but I also
added a measurement with Cu, which [ measured in VR-1 reactor spectrum. The
aim was to find out how these measurements can be connected and eventually
suggest a measurement of other materials. As for reactor experiments, those using
accelerator neutron sources, knowledge of their neutron spectrum is key. There
are more options for how to determine it. ToF (time of flight) method, Monte
Carlo (MC) calculation codes, by the target analysis or also by an activation
detectors measurements. The best and the most precise approach is to use all
methods and compare their results. As it was already mentioned above, from the
accelerator measurement we are able to get a differential cross-section, but a pure
mono-energetic neutron spectrum is not always produced. Usually it is a quasi-
mono-energetic spectrum with a dominant peak and the lower energy continuum
and the background, which needs to be subtracted.

4.2.1 Neutron spectrum by ToF

This method is based on measurement of the time, which a particle (in our case
neutron) needs to cover a known distance between two points. The kinetic energy
E}. is thus derived from the relativistic equation

By, = moc? (1 — 1) : (4.5)

where my is the rest mass of particle, ¢ is the speed of light and v is the particle
velocity calculated by knowing the distance and time.

This method needs an accelerator which allows a pulse mode or the use of
a chopper, which usually is a rotating disc with slots. During the particle in-
teraction with the target there is also a significant amount of gamma photons
produced. Those photons have a speed of light and thus arrive to the detector
(scintillator detector) first. After the photons arrive at the detector they are
gradually followed by neutrons, which are sorted from the fastest to the slowest.
But this is the ideal case when all particles are created in one moment and it is
assumed that before the start of a new pulse, all the particles from the previous
pulse already arrived at the detector. This is not what occurs in reality. The
fastest neutrons from the following pulse usually arrive to the detector earlier
than the slowest neutrons from the previous pulse, so a corresponding correction
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is needed. This phenomenon also sets a limit on the minimum detectable neu-
tron energy. This neutron spectrum measurement requires an optimal choice of
the distance between the neutron source and the detector (longer distance causes
better energy resolution but on the other hand it causes an increase in mini-
mum detectable neutron energy due to the frame overlap). The amplitude of the
neutron pulses versus the determined time phase to the cyclotron radiofrequency
signal for the 14.4 MeV proton irradiation is shown in the Figure .
The comparison of deconvoluted neutron spectrum for 14.4 MeV protons with
the neutron spectrum obtained by ToF method is shown in the Figure [91].
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Figure 4.9: Amplitude of pulses versus their phase to the radiofrequency signal.

[91]

4.2.2 Neutron spectrum by MC calculations

Neutron spectrum can also be obtained from MC models. The target station
geometry and all its materials need to be defined in a calculation program such
as MCNPX . The proton beam from the accelerator is described as a Gaussian
peak. For this method the cross-sections of fast protons with target materials are
needed as well. Those data are used from data libraries. The accuracy of this
method depends not only on the quality of model of the target station and the
target itself, but also on the uncertainty of the data library and the choice of the
library.

4.2.3 Neutron spectrum by target analysis

Another method how to obtain the neutron spectrum is to directly measure the
target itself. Neutrons produced in the reaction “Li(p,n)"Be significantly con-
tribute to the mono-energetic peak in the neutron spectrum in case of ground state
and first excited state of "Be ("*™'Be). The higher excited states contribute to
the background continuum as well as other reactions such as "Li(p,np)°Li. Thanks
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Figure 4.10: Comparison of the deconvoluted and TOF neutron spectrum for the
14.4 MeV protons. [91]

to this, when the Li target is measured after the irradiation, using HPGe detector,
it is possible to get the "97™!Be reaction yield and thus number of neutrons
corresponding to the mono-energetic peak emitted into the entire space. Higher
excited states of "Be always get deexcited by heavy particles, so then this can
be distinguishable using a gamma spectrometry measurement. The only problem
is the angular distribution. Neutron field of the Li target is strongly anisotropic
which means the forward direction is preferred, but from target measurement we
are able to obtain emission into entire space. Therefore it is necessary to deter-
mine the representation of the forward emitted neutrons. The ratio of forward
emitted neutrons and neutrons emitted into the entire space can be described by
the function

R=—5.155-10""E; +4.409-10°E; +2.483-10"°E} 4+ 6.521 - 10 > E,, — 0.8636,

(4.6)
where E, is the proton energy. This function was determined by Y. Uwamina
[93] and is also applicable for the NG-2 target station in the Czech Republic. The
usage of this same function has been verified several times [94] - the irradiated
foils are placed in the forward direction maximum of angular distribution and
their size is so small that this angular distribution can be neglected.

4.2.4 Neutron background

The neutron spectrum is not monoenergetic but quasi-monoenergetic. The nu-
clear reactions with low threshold energies might be strongly affected by the low
energy continuum in the neutron spectrum. This continuum subtraction is based
on the folding of the calculated cross-section and neutron spectrum [88]. The
low energy neutron continuum correction is calculated as the ratio between the
folding in the energy interval of the quasi-monoenergetic peak and in the whole
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energy spectrum, as can be seen in the following equation [87]

Cb = fpeak U<E7L>N(En)dEn _ ZiEpeak U(Z)N(Z) 7 (47)
7 fspectrum U(EN)N<En)dEn ZiESpectrum O_(Z)N(Z)

where o(FE,) is the reaction cross-section for energy F,, and N(E,) is the number
of neutrons with FE, energy. The neutrons in the spectrum were divided into
energetic groups and for each group cross-sections were calculated in the TALYS
[13], which is the open source software and datasets for the simulation of nuclear
reactions. This makes it possible to replace the integrals in equation with
a sum of the corresponding discrete values. However, as can be seen from the
equation , for Cygr determination, the knowledge of reaction cross-sections is
needed, but its limited knowledge is why the reaction cross-section is measured.
The cross-sections used in subtraction method was therefore predicted in the
TALYS 1.96 code with default parameters.

4.2.5 Differential cross-section

The several experiments were performed during the research by my colleagues
before I joined them. Some of them were previously published ([|87], [88], [89],
[90] and [95]). The last experiments, which have not been published yet, will be
mentioned here in more detail.

Similarly as for reactor measurement, the activation detector method was used
for differential cross-section determination. In this case equation was also
used. Differential cross-section was subsequently determined from the equation

_ NyieldcbgTSMm _ qSCbgr
NnNAm Nn ’

(4.8)

where ¢ is the reaction rate, S is the activation foil area, Cjy, is low energy
neutron continuum correction and ,, is the number of neutrons in the neutron
spectrum peak. In the case of accelerator neutron spectrum, it is necessary to
control the flux unit. As can be seen for example in the Figure the unit
is nC~1Sr~1. This unit needs to be converted to 1/m? using the spatial angle
(%, where 7 is the foil distance from Li target) and by accelerator beam charge
(average accelerator beam current multiplied by irradiation time). The sum over
the peak area gives us the value of N,,.

In the last experiments samples of Au, Y, Cu, Bi, Al, Co and NaF were
irradiated. I focused on the analysis of the neutron reactions with Y and Cu
samples, which I also measured in the reactor spectrum. The other samples were
mainly analyzed by my colleague Jif{ Jarosik. °7Au(n,y) reaction was used as
a standard for results validation. All samples were in the form of high purity
thin foils with the size of 25x25mm. In Table the foils properties which were
used as a follow-up to the previously measured samples in reactor spectrum are
summarized. The designations 1 and 2 mean experiment 1 (£, = 23.3 MeV) and
experiment 2 (E, = 14MeV). The foils were placed in the specific order in a
sample holder at a distance of 106 mm from Li target. The length of irradiation
of the samples in both experiments can be seen in Figures and The
neutron spectrum from both experiments can be see in Figures [4.13| and [4.14]
As can be seen, the first experiment had a higher neutron energy, therefore the
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cross-section of the Y (n,3n)®"Y reaction was possible to measure. This reaction
cross-section threshold can be seen in the Figure 4.17|

Table 4.6: Irradiated foils properties.

Foil material | weight [mg] | thickness [mm]
Aul 1498 0.8
Au2 1512.44 0.8
Y1 1413 1.1
Y2 1399.98 1.1
Cul 1238 1.0
Cu2 1261.60 1.0
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Figure 4.11: Accelerator current flow during the first experiment.

4.2.6 %Cu(n,a)®Co and %Cu(n,2n)%Cu cross-sections
measurement

To follow up on the previous experiments in the VR-1 reactor spectrum, the reac-
tion %3 Cu(n,a)®Co was also measured. This reaction measurement was performed
for the first time at the U-120M cyclotron and also due to the HPGe detector
light contamination by ®°Co, the measurement faced some difficulties. Unlike the
experiment in the reactor spectrum, a smaller sample of Cu was chosen, so there
was no need to measure both sides of the sample. The main contribution of this
experiment is experience and some recommendations for next measurements. In
the Table 4.7| and [4.8) results for 3Cu(n,«)®°Co reaction are summarized.

The measurement of ®2Cu is not easy, because the gamma line 511keV is
also produced by %4Cu, which is created by gamma capture in %Cu or by the
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Figure 4.12: Accelerator current flow during the second experiment.
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Figure 4.13: Neutrons spectrum during the first experiment, with neutron energy
up to 25 MeV.

Table 4.7: The reaction rates results for %3Cu(n,a)®°Co reaction.

Reaction 423.3 MeV Aq [%] qLaMeV Aq [%]
B3Cu(n,a)®Co | 8.8399 - 10721 | 4.8 | 4.69204 - 10724 | 4.7

reaction °Cu(n,2n)%*Cu. The abundance of %Cu in natural copper is 30.85 %.
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Figure 4.14: Neutrons spectrum during the second experiment, where the neutron
peak is at 14 MeV.

Table 4.8: The cross-section results for %Cu(n,a)®Co reaction.
Reaction 0923.3 MeV [mb] O14MeV [mb} VR-1 SACS [mb]
83Cu(n,a)%°Co 4.6 32 0.528

But the contribution to this annihilation peak can be distinguished due to the
different half-lives of those Cu isotopes. %2Cu has a half-life of 9.673 minutes,
but ®*Cu has a half-life of 12.7 hours. This reaction threshold is above 11 MeV,
as can be seen in the Figure which, as can be seen in Figure was
fulfilled. During the irradiation of natural copper, three possible reactions can
occur, namely ®3Cu(n,2n)%?Cu, %3Cu(n,g)%*Cu and Cu(n,2n)®Cu. Due to the
difference in half-life, the Cu foil was measured as soon as possible after the
irradiation when the activity of %2Cu is the highest and than the Cu foil was
measured after a sufficiently long time (after 7 half-lives of %2Cu) to measure 4Cu
activity. %*Cu activity in the time of the first measurement can be calculated by
decay law and subsequently, the %2Cu activity can be calculated by subtraction
of 4Cu activity, NPA respectively. The calculation of *Cu NPA in the time of
the first measurement after the irradiation is shown in the equation 4.9

N P A eroacuto2 /\64Cutreal2 tlifele*)\ezwutm (1 _ €*A64Cutreal1)

NPA64C -
“ tlife2 (1 - e_)\64Cutrea12) )\64Cutreal1

, (49

where t;;. is the life time of measurement by HPGe detector, ¢,¢4 is the real time
of measurement, t; is the time between the end of irradiation and the start of
measurement, \gacy, is the decay constant of **Cu. The first two fractions express
the NPA from the later measurement (measurement number 2) of *4Cu (®2Cu is
already decayed), corrected to the decay during the measurement and corrected
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to the end of the irradiation time. The last parts of this equation express the
recalculation of **Cu NPA from the second measurement to the NPA of 4Cu in
the time of the first measurement (measurement number 1, where NPA of 511 keV
is the sum of %Cu and ®2Cu). [64]

The NPA of ®2Cu is then calculated as:

NPAsocn, = NPAiotas — NPAgscn. (4.10)

Subsequently the activity of 2Cu can be calculated using the equation [4.11]

Ae2cut
A o NPAGQCu)\(QC’utreal e162Cut0 4
tlifeT/EGZC'u (1 — e~ 62Cu real)
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Figure 4.15: Cross-section for *Cu(n,2n)%Cu reaction. [15]

The result of 2Cu decay curve evaluated using annihilation peak can be seen
in Figure [4.16] From this decay curve, the %2Cu half life was experimentally
determined by fitting experimental data with exponential function as 7.9 minutes
(the table value is 9.67 minutes). From the fit, one parameter is decay constant
A and using the conversion over (n2 we get the half life. This experimental half
life difference from the table value is within the uncertainties. Reaction rates
and cross-sections are in Table In the second experiment the uncertainty is
higher due to the lower number of activation foils measurements.

4.2.7 Y (n,2n)%"Y and ¥Y(n,3n)%9"™Y reactions

As a follow-up to the previously measured spectral averaged cross-sections in the
VR-1 reactor spectrum for 8Y (n,2n)%97™Y | this experiment was also performed
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Figure 4.16: Decay curve of %2Cu.

Table 4.9: Measured results for ®3*Cu(n,2n)%Cu reaction with statistical and sys-
tematic uncertainty.

Experiment q Aq [%] | alb] | Acb]
Cul (23.3MeV) | 5.67 - 10~1° 4.8 0.543 | 0.072
Cu?2 (14MeV) | 1.02- 10717 5.2 0.309 | 0.044

in the accelerator neutron spectrum. As the accelerator neutrons energy is higher
in comparison to the reactor neutrons, in this experiment it was also possible to
measure Y (n,3n)879"™Y reaction, where it is possible to distinguish the ground
(g) and metastable (m) states by a gamma peak measurement.

If the monitored nuclide is in the decay series of another radionuclide, which
is also produced during the reaction, the equation for calculation of the reaction
rate is violated. In this case due to the high purity of irradiated samples the
equation is violated only in the case of the production of a radionuclide in both the
ground and metastable states. The metastable nuclei are deexcited to the ground
state nuclei and thus contribute to its activity. If the half-life of this metastable
state is long enough, it can be measured. In the case of those experiments, it
occurs in reactions 89Y (n,2n)8897mY 89V (n,3n)379 Y 197 Au(n,2n) 99t m! Ay and
197 Au(n,2n)1%m2 Ay,

Cross-sections of ®9Y and ™Y are not possible to distinguish due to the
short half-life of #™Y which is only 14ms. But 8™Y has a half-life of 13.37h,
so it can be measured separately. For the reaction Y (n,2n) the reaction rate
was determined by measurement of gamma peaks of Y, 898 keV and 1836.1 keV.
These results can be seen in the Table [4.10] for the reaction rate and in the Table
for the cross-section. This reaction was measured during both previously
mentioned experiments and both experiments are summarized in the table as
well as a comparison of the result for each energy peak separately.

In the case of distinguishing the reaction rates of 879Y and 8"™Y states the
method of measurement gamma lines of ™Y and 879Y (380.79keV for m state,
484.8keV and 388.5keV for g state) can be used. The same method can be used
for Au (for g state 355.73 keV and 333 keV, for m state 147.8 keV and 188.27 keV).

In Table the results for numbers of nuclei at the end of irradiation, reac-
tion rates and cross-sections, can be seen. Au sample was used as a monitor.
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Table 4.10: Reaction rate result for Y (n,2n)%9 ™Y reaction with statistical and

systematic uncertainty.

Experiment 4898 keV’ Al%] | qisserev | A[%] q Aq[%]
1(23.3MeV) | 4.54 - 10710 | 1.40 | 4.62-1071° | 1.43 | 4.58 10716 | 1.0
2 (14MeV) | 5.10 - 10717 | 0.96 | 5.13- 10717 | 0.98 | 5.12- 10~ | 0.69

Table 4.11: Cross-section result for #Y(n,2n)%9*™Y reaction.
Experiment | ososev [b] | A[b] | o1s3erev [b] | A[b] | o [b] | Ac[b]
1 (23.3MeV) 1.014 0.093 1.032 0.096 | 1.023 | 0.086

2 (14MeV) 0.739 0.068 0.744 0.069 | 0.741 | 0.064

In Figure experimentally measured 7Y decay curves can be seen. The
result of the measurement of 1% Au in the units of activity can be seen in Figure
In both cases, the g and m states decay curves were fitted by Python
programming using the following function with guessed initial parameters:

f(z) = e b (o) — 1) 4 d], (4.12)

where a, b, ¢ and d are the fitted parameters. Parameters a and ¢ represent the
decay constants of the ground state and metastable state, parameter b represents
No,m respectively A, and parameter d represents Ny, respectively Ag .

20 50 102 2=102
T T T T T T T T T T
0.8 0.8
B m 1) MENDL-2: Y-89(N,3N)Y-87
B m 2) TENDL-2021: Y-89(N,3N)¥-87
e 0.6 0.6
=
=1 L
=
: L
(=] L
.;
t 0.4 H0.4
e L
L)
w L
=]
|-
= L
0.2 -10.2
0r- -0
I 1 I | 1 I I I | I
20 50 102 2x102

Incident Enorgy (Mel)

Figure 4.17: Cross-section for Y (n,3n)%"Y reaction. [15]
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Table 4.12: Number of nuclei at the end of irradiation for Y and Au.

Results | 37Y (23.3MeV) | '"Au (23.3 MeV)
No,m 1.737 - 108 1.33 - 10°
Nog 1.347 - 10° 3.89 - 10°
Im 2.77 - 10718 4.82 - 10717

dq 3.58 - 10718 4.63 - 10717
om [b] 0.124 0.0971
o4 [b] 0.0264 0.0787

le8
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-==~ fit ground state: Nom=183751382.400
+ experimental data metastable state
2.0 -—- fit metastable state: Nom=173673855.024
I;i“t\ 0
A Y
/ \
D t
Q 1-,* N
g 1.5 g AN
S 1 AN
Y— +1 \
o 1 ‘e
- + \
g \‘ N
IS 1.0 “ \\\
S \ AN
=2 \1; ‘\\\
~
~
0.5 B oL
\ S~ao
\ S~
D T
SO .. ————
0.0 — LT . . . . .
0 100 200 300 400 500 600

Hours from the end of irradiation

Figure 4.18: 879Y and 8"™Y experimentally determined decay curves from
gamma peak measurements.

4.3 Results summary and discussion

This work summarizes the results of previous research and at the same time
provides new data of cross-sections, which were measured both in the reactor
spectrum and in the spectrum of accelerator-generated neutron spectrum and
are summarized in Table [4.13]

The cross-section values in Tables 4.14] |4.15] [4.16] |4.17] [4.18] 4.19] and [4.20)
are compared with selected libraries of nuclear data. In tables for differential
cross-sections, some previously measured cross-sections with the same or similar
neutron energy, are also mentioned. As can be seen, those data are also really
old and need to be not only updated, but also new data needs to be added
to clarify and validate those data. For some data from libraries cross-sections
uncertainties were found in JANIS covariance database [96]. Measured differential
cross-sections were also compared with the TALYS cross-sections calculations,
EXFOR experimental data results and nuclear data libraries in Figures [4.20]
4.21] [4.22] 4.23] [4.24] and [4.25]

As can be seen from the result figures, new experimental data was obtained
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Figure 4.19: '%9Au and "°™Au experimentally determined decay curves from
gamma peak measurements.

especially for %Cu(n,a) and Y (n,3n) reactions. For Cu reactions can also be
seen that measured cross-sections does not match the values in the nuclear data
libraries. It shows that more experiments are needed. In the case of 8Y(n,3n)
reaction we can see a lack of data, so my experimental data well complements
the existing data and are with a good agreement with nuclear data library Tendl
2021. The metastable state ™Y is harder to determined and thus the measured
value is not in such a good agreement with data library as the 879Y. All measured
cross-sections are in a good agreement with other experimentally determined
cross-sections from EXFOR. In the case of Y (n,2n) reaction differential cross-
section, we can see from Figure that the results are with a good agreement
with previously measured cross-sections and also with the nuclear data libraries.
It confirms that we have well described excitation function for this reaction and
thus various libraries and experimental data differs minimally.

This also applies to the case of Y (n,2n) SACS measured in VR-1 reactor
neutron spectrum, as can be seen from the Table [4.5] the difference in result for
IRDFF nuclear data library is only 1.12%. The bests agreement with IRDFF
nuclear data library has the SACS of 4"Ti(n,p) which is only 0.31%. Measured
data were also compared in the same table with previously measured SACS in the
neutron field of LR-0 reactor to confirm the hypothesis that even 5% of 2¥U(n,f)
does not have a significant influence on SACS uncertainties. This conclusion is
the main new knowledge obtained from this VR-1 experiment.

As can also be seen in the tables with the reactor neutron spectrum results
([4.15)and [4.17), the reaction rates for mentioned data libraries was calculated. It
was calculated by the scalar product of the VR-1 neutron spectrum with the data

library cross-section in the same group structure and unit, which was obtained
in JANIS [96].
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To summarize it as a whole, it can be seen that during this work and re-
search, some new data and some data which can help to validate the existing
data, were measured. The goal was also to measure the same samples in the
reactor spectrum as well as in the accelerator neutron spectrum, so the result is
not only SACS but also some differential cross-sections. Both methods are simi-
lar and using same concept of gamma spectrometry measurement and activation
method, but the spectrum itself is different and need to be evaluated by different
methods, as was described in this thesis. Based on these results I can recom-
mend some future measurements. In the field of differential cross-sections, I can
recommend to measure more experiments with Cu samples and also to measure
the 8Y(n,3n)%79Y cross-section since there is lack of experimental data. In the
field of SACS measurement, I can recommend to measure more cross-sections in
LVR-15 experimental reactor. This reactor neutron spectrum is much harder to
validate due to the fuel burn up and there is not much experience with those
cross-sections measurements.

Table 4.13: Measured cross-sections results summary.

Reaction 0923 .3MeV [b] AO’[b} J14MeV [b] AO’[b} SACS [mb] Aa[mb]
iiT%(n,p) - - - - 10.738 0.72
48T}(n,p) - - - - 17.896 1.18
i) T mer i
e(n,p - - - - . .
3Cu(n,2n) 0.543 0.072 0.309 0.044 | 0.1763 [64] | 0.0076
3 Cu(n,) 0.0046 | 0.0021 | 0.032 0.005 0.53 0.04
89Y (n,2n) 1.023 0.086 0.741 0.064 0.171 0.012
89Y (1,30)579Y 0.0264 | 0.0035 - - - -
89Y (1,3n)87"Y 0.1239 | 0.0177 - - - -
7 Au(n,2n) 9% Ay | 0.2875 0.082 1.85 0.15 R R

Table 4.14: Comparison of results in accelerator driven neutron spectrum for
63Cu(n,2n) reaction.

%3Cu(n,2n) o[b] Ac|b]
experiment F,, = 23.3 MeV 0.543 0.072
experiment F,, = 14 MeV 0.309 0.044
IRDFF-II E,, = 23.3 MeV 0.4216 0.0579
IRDFF-II E,, = 14 MeV 0.4389 0.0057
JEFF-3.3 E, = 23.3MeV - -
JEFF-3.3 E,, = 14 MeV 0.437 0.028
ENDF/B-VIIL.O E,, = 23.3MeV - -
ENDF/B-VIIL.O E,, = 14 MeV 0.417 -
CENDL - 3.2 E, = 23.3MeV 0.422 -
CENDL - 3.2 E,, = 14MeV 0.447 -
Y.Uwamino (1992) E,, = 25.5MeV | 0.403 [97] | 0.12
Y.Ikeda (1994) E,, = 14 MeV 0.42 [98] 0.01
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Figure 4.20: '7Au(n,2n)'9%9"™Au reaction cross-section measured result with
comparison to other EXFOR data, TALYS calculation and
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Figure 4.21: %Cu(n,2n)%Cu reaction cross-section measured result with compar-
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Table 4.15: Comparison of VR-1 experiment results with nuclear data libraries
for %3Cu(n,a) reaction (q unit is neutron per atom).

%3Cu(n,a) q SACS[mb)]

VR-1 experiment | 3.46E-32 | 0.528 + 0.036
IRDFF II 3.42E-32 | 0.4918 £ 0.024
CIELO g6 - 0.5157 + 0.071
JEFF 3.3 3.31E-32 -

JENDL 4.0 3.55E-32 -
ENDF/B-VIIL.O | 4.44E-32 -
CENDL 3.2 3.20E-32 -
ROSFONF 2010 | 3.34E-32 -

Table 4.16: Comparison of results in accelerator driven neutron spectrum for
%3Cu(n,a) reaction.

3Cu(n,a) o[b] Aclb]

experiment E, = 23.3 MeV 0.0046 0.002

experiment F, = 14 MeV 0.032 0.005
IRDFF II E,, = 23.3MeV 0.006 -
IRDFF II E,, = 14 MeV 0.046 -
JEFF 3.3 E, = 23.3MeV - -
JEFF 3.3 E, = 14MeV 0.045 -
JENDL-5 E,, = 23.3MeV - -
JENDL-5 E,, = 14 MeV 0.043 -

ENDF/B-VIIL.O E, = 23.3MeV -
ENDF/B-VIIL.O E,, = 14 MeV 0.044 -

CENDL 3.2 E,, = 23.3MeV 0.006 -

CENDL 3.2 E,, = 14MeV 0.045 -
TENDL 2021 E,, = 23.3MeV 0.003 -
TENDL 2021 E,, = 14MeV 0.025 -

B. Czapp (1960) E,, = 14MeV | 0.047 [7] | 0.0094

Table 4.17: Comparison of VR-1 experiment results with nuclear data libraries
for #Y (n,2n) reaction (q unit is neutron per atom).

Y (n,2n) q o[mb]

VR-1 experiment | 1.12E-32 | 0.1709 &+ 0.012
IRDFF II 1.04E-32 | 0.169 + 0.008
CIELO g6 - 0.1645 £+ 0.093
JEFF 3.3 1.05E-32 -

JENDL 4.0 1.02E-32 -
ENDF/B-VIIL.O | 1.05E-32 -
CENDL 3.2 1.08E-32 -
ROSFONF 2010 | 1.05E-32 -

4.4 Uncertainties of obtained results

It is still important to discuss also the uncertainties of the final results and how
they were obtained. The statistical and systematical uncertainties will be de-
scribed in this section in more details. All uncertainties are applicable for the
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Figure 4.22: 93Cu(n,a)%Co reaction cross-section measured result with compari-
son to other EXFOR data, TALYS calculation and two nuclear data libraries. [7]
[15] [99]

Table 4.18: Comparison of results in accelerator driven neutron spectrum for
89Y (n,2n) reaction.

89Y (n,2n) o[b] Aoclb]
experiment E, = 23.3 MeV 1.023 0.086
experiment F, = 14 MeV 0.741 0.064
IRDFF II E,, = 24.5 MeV 0.991 0.041
IRDFF II E,, = 14 MeV 0.858 0.0098
JEFF 3.3 E, = 23.3MeV - -
JEFF 3.3 E, = 14 MeV 0.824 0.016

ENDF/B-VIILO E,, = 23.3 MeV - -
ENDF/B-VIILO E,, = 14 MeV 0.824 | 0.016
CENDL 32 E, = 23.3MeV 0.909 -

CENDL 3.2 E,, = 14MeV 0.850 | 0.073
N.ILMolla (1998)E, = 14MeV | 0.802 [7] | 0.08
M.Kostal (2023) E,, = 14.05MeV | 0.795 [7] | 0.0318
Y.Uno (1996) E, = 24.99MeV | 0.9739 [7] | 0.0395

Table 4.19: Comparison of results in accelerator driven neutron spectrum for
89Y (1,3n)879Y reaction.

Y (n,3n)7Y o[b] Ac|%]
Experiment 0.0264 0.004
Tendl 2021 E,, = 23 MeV 0.0187 -
Tendl 2021 E,, = 24 MeV 0.0458 -
P. Chudoba (2018) 24.5MeV | 0.043 |7] | 0.005
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Figure 4.23: 8Y (n,2n)®Y reaction cross-section measured result with comparison
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Figure 4.24: %Y (n,3n)%Y reaction cross-section measured result with compar-
ison to other EXFOR data, TALYS calculation and Tendl 2021 nuclear data
library. [7] [12]

both type of measurements in the reactor neutron spectrum and accelerator neu-
tron spectrum. As can be seen for example in the equation [4.8] the cross-section
uncertainty is composed of the uncertainties of all quantities involved. The main
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Table 4.20: Comparison of results in accelerator driven neutron spectrum for
89Y (1,3n)%™Y reaction.

Y (n,3n)¥™Y alb] | Acob]
Experiment 0.124 0.02
Tendl 2021 E,, = 23 MeV 0.0472 -
Tendl 2021 E, = 24 MeV 0.1229 -
P. Chudoba (2018) 24.5MeV | 0.11 [7] | 0.012
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Figure 4.25: 39Y(n,3n)3"™Y reaction cross-section measured result with compar-
ison to other EXFOR data, TALYS calculation and Tendl 2021 nuclear data
library. [7] [12]

part of the result uncertainty is the neutron spectrum determination since the
neutron spectrum is used in cross-section calculation (in reactor experiments) and
also in background subtraction (accelerator experiments).

4.4.1 Systematical uncertainties

All uncertainties such are the irradiation uncertainties, gamma spectrometry un-
certainties and the neutron energy and neutron spectrum determination uncer-
tainty are systematical. The major contribution of the samples irradiation un-
certainty originates from foil positioning in the irradiation position (2%), current
measurement (5%), the energy and the number of protons determination (1.5%)
and also the accelerator target thickness (2%) or the foil distance from the tar-
get uncertainty (2%). The beam instability correction is within our precision
negligible. The difference in neutron flux density between the first and the last
irradiated sample can be up to 20%. Therefore, it is necessary to record the exact
position of each sample. We also have uncertainties of weight of the samples or
time measurement precision but they are often negligible. In these uncertainties
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the Cj,, uncertainty (1%-15%) is included as well [90] [91] [92].

Other uncertainties are the uncertainty of the neutron spectrum spectrometry
[91] and the HPGe spectrometry uncertainty during the detector measurement of
the irradiated foils. Those spectrometry uncertainties are the NPA uncertainty,
which is less than 1%, but in case of the annihilation peak where due to Doppler
broadening, the peak has a bigger FWHM), the uncertainty is higher. The included
spectrometry uncertainty is also the detector efficiency uncertainty. This value
is calculated from the MCNP model and it is usually around 2%. In this case,
uncertainties of the measured foil characteristics, such as their size (0.1%) and
mass (0.01%) or also a molar mass, play a role as well. Those uncertainties are
practically negligible compared to the other previously mentioned uncertainties.
The uncertainty of true coincidence summing (2.5%) also has to be included.

Finally for the correct determination of the final cross-sections results it is
necessary to precisely know the neutron energy (the case of accelerator mea-
surements) and the neutron spectrum (the case of reactor measurements), which
caused these reactions.

In the case of accelerator measurements, as can be seen in Figure [4.14] the
peak in quasi-mono-energetic spectrum has a non-negligible FWHM. The un-
certainty of this neutron energy determination comes from fitting this peak by
normal distribution:

1

@) = —=cap (—W) : (4.13)

where the measured cross-sections match with the neutron energy p with the un-
certainty . The uncertainty of neutron energy determination is usually smaller
than 5%. This uncertainty can by larger for lower energy of quasi-mono-energetic
spectrum, which has larger peak FWHM and therefore larger uncertainty. An-
other contribution to uncertainties is the uncertainty of nuclear data libraries.
02

In the case of reactor measurements, there were many years of research and ex-
periments carried out by my colleagues to determine the reactor neutron spectrum
not only in LR-0 reactor, but also in VR-1 reactor. The spectra are calculated
and those calculations were validated by the experiments ([83], [45], [43], [72]).
Additionally during the SACS measurement, for the neutron flux monitoring the
foils of Au and Ni were used, because their cross-sections are well known and
have low cross-section uncertainties, because a lot of measurements were made.
Therefore, we can consider these values as standardized.

The cross-section uncertainty is determined by differential calculus. If the
final result, f, is a differentiable function of several measured quantities (x, vy, z,
...), the uncertainty in f relates to the measurement uncertainties according to
the equation:

| \A +\ |A +\ ]Az+ (4.14)

In a special case of:

1
== Af=-Ar+ Ay (4.15)
v v v
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This uncertainty is determined for each measurement, of which there are
dozens.

4.4.2 Statistical uncertainty

As one foil was measured more than once, the final uncertainty was calculated
as a standard deviation, which is the dispersion of data values relative to their
mean value and it is calculated as the square root of the variance. By using this
method, the final uncertainty can be significantly reduced. This reaction rate
statistical uncertainty is therefore calculated by the following equation:

Aj=———t (4.16)

E 1’
=1 Ag(i)2

where Ag(i) is a calculated uncertainty of i-th reaction rate and & is a number of
measurement of one sample. g is the mean value of q.

It is also important to mention that a number of experiment quantities (de-
tector efficiency, neutron flux, gamma line intensity, etc.) are the same for all
measurements and this part of the uncertainties does not decrease.
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Conclusion

The main task was to use the synergy between the measurement of integral ef-
fective cross-sections, using reactors as neutron source, and differential effective
cross-sections, using neutron sources based on accelerators. In this thesis the
study of both reaction cross-sections, which are important for advanced nuclear
systems, was described, and thus the main goal of this work was fulfilled. This
is the reason, why the experiments were performed not only in the neutron spec-
trum of a nuclear reactor, where spectral averaged cross-sections up to 20 MeV
are experimentally measured, but also some experiments were performed in the
neutron spectrum of accelerator as well.

In my doctoral thesis I not only summarise the methodology of two inde-
pendent methodologies of cross-sections measurements in the reactor and the
accelerator spectra, but I also bring some new data and I thus connect these two
so far independently working groups of researchers. Additionally my research
also results in new findings, which includes the verification of the SACS measure-
ment methodology in a reactor with more enriched fuel. It proved that a wide
range of different reactors can be used for these purposes in the case of a known
neutron spectrum, regardless of the fuel enrichment. This hypothesis was further
developed and verified by my colleagues. [79] [44] [48]

The methodology in this work builds on my previous work during my bache-
lor and master studies and has been gradually developed into new findings and
conclusions and has brought new cross-sections data that are important for the
validation of nuclear data libraries. Many experiments have been carried out
during many years of my research in this field. Many experiments were preceded
by the measurement of the cross-sections themselves, such as research into the
characterization of the HPGe detector, and the characterization of the neutron
field of research reactors.

The nuclear data library IRDFF-II is the latest data library and addresses
neutron dosimetry needs for fission and fusion applications for incident neutron
energies up to 60 MeV [99]. It corresponds the best to the measured SACS result,
so it is mostly used in calculations.

During my doctoral research it was proved that even 5 % of the 2*3U(n,f) fis-
sion neutrons in the LR-0 reactor spectrum does not have a significant influence
on the 25U SACS measurement. Additionally I measured samples in accelerator
spectrum and determined some differential cross-sections. Mainly for the sample
of Cu, which was not measured previously in the energy range above 20 MeV. I
brought some new experience and recomendations for next improvements espe-
cially for ®3*Cu(n,a)®Co reaction and ®*Cu(n,2n)®Cu methodology which I used
with my colleagues during measurements in reactor spectrum. In an EXFOR
database it can be also seen, that there are no data above 20 MeV of incident
energy. So the first experiment with the neutron energy of 23.3 MeV brought
new data for the ®3*Cu(n,a)®Co reaction. The measurement of this reaction was
complicated due to the contamination by ®*Co and also the need of very long
measurement of not only the Cu sample, but also the background to subtract the
detector contamination. The measurement of the 3Cu(n,2n)%?Cu reaction needs
faster measurements after the irradiation to monitor the decay curve. Due to the
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fact that more samples were irradiated during both experiments, it was impos-
sible to measure the precise decay curve of Cu without loosing activation of the
other samples. So this could be the recommendation for following experiments,
that less samples should be irradiated. Then the Cu sample can be measured
more precisely.

As can be seen from my result figures, some new data in the case of differen-
tial cross-sections was obtained and some data complemented and enriched the
existing ones and thus they can serve to refine nuclear data libraries. Those latest
results in the neutron field of accelerator described in this doctoral thesis, have
not been published yet. In the case of spectrum averaged cross-sections, my ex-
perimental data from VR-1 reactor spectrum were published [43] and are already
a part of the EXFOR database (see Figure . Based on my VR-1 results, the
new experiments in this reactor field to validate those results, can be performed.
My colleagues from reactor research already performed some additional measure-
ments and they followed up on my VR-1 experiment. They also tried to measure
SACS in the field of LVR-15 reactor, where the neutron spectrum is much more
complicated due to the fuel burn up. In the field of cross-sections measurements,
it could be interesting to carry out more experiments in this more complicated
reactor neutron field since there is not much experience at all.
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Figure 4.26: My 23°U SACS results from VR-1 experiment in EXFOR database.
7]

Other experiments in this field are still ongoing not only in accelerator neutron
spectra, but also in nuclear reactor spectra. Due to the fact, that even during
the experimentally obtained cross-sections, the data from nuclear data libraries
are needed, several experiments are required to evaluate, refine and validate nu-
clear data libraries. Those data can than be used as an input for simulations of
advanced nuclear system projects.
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A. Attachments

A.1 Reaction rate equation derivation

Differencial equation

dN

describes the change in number of radioactive isotopes N in a given sample with a
total number of atoms Ny, which are exposed to the neutron flux density causing
the reaction rate per one atom ¢. A is the decay constant. By converting this
equation of the number of nuclei of the radioactive isotope on its activity and
solwing this equation, we obtain

A= gNo(1 —e™). (A.2)

This radionuclide is subject to radioactive decay, where ~ radiation with charac-
teristic energy for the given isotope is emitted. This v radiation is detected by
HPGe detector. The whole photon energy is absorbed in detector during photo
effect (PE). This energy is detected in PE peak in gamma spectrum of the HPGe
detector. The expected number of gamma pulses C'(E,) with the E, energy in
PE peak is then

_)\treal

treal 1 — €
C(E,y) = €pEp[7/ AOB_)\tAe_/\tdt = EPEP['yA()e_/\tAfa (A3)
0
where epgp is the detector system efficiency for PE peak for the given energy and
geometry, I, is the gamma peak intensity for one decay, A, is the isotope activity
at the and of the irradiation, ¢, is the time between the end of irradiation and
the start of the detector measurement and ¢,., is the real time of the detector

measurement. Measuren number of pulses in PE peak is

O(E,) = S(B) ™ — Gy, (A4)

tlive

where ?‘—‘” represents the correction to detector dead time and Cj,, is the peak

backgroﬁvreld. The combination of equations [A.2] [A.3] and [A.4] and using Ay =
qNo(1 — e~?i) we can get the final reaction rate equation

q B €PEP‘['YN0(]- — e_Atirr)e—)\tAl _ e_AtTeal . .
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A.2 Python input for cross-sections results plot

import matplotlib.pyplot as plt

fig, ax = plt.subplots(figsize=(8,5))
energyTalys = []
fluxTalys = []
energyENDF = []
f1uxENDF = []
energy = []

flux = []

err = []
energyexfor = []
fluxexfor = []
errexfor = []
energyIRDFF = []
f1luxIRDFF = []

with open("Au(n,2n)_talys.txt","r") as f:

lines = f.readlines ()
for line in lines:
X, y = line.strip().split ()

energyTalys.append(float (x))
fluxTalys.append (float (y))

with open("Au(n,2n) _ENDF.txt", "r") as f:
lines = f.readlines ()
for line in lines:
j, k = line.strip() .split ()
energyENDF . append (float (j))
f1luxENDF . append (float (k))

with open("Au(n,2n) _IRDFF.txt", "r") as f:
lines = f.readlines ()
for line in lines:
f, h = line.strip().split()
energyIRDFF . append (float (£f))
fluxIRDFF .append(float (h))

with open("Au(n,2n) _exp.txt", "r") as f:
lines = f.readlines ()
for line in lines:
s, 1, m = line.strip() .split )
energy .append (float (s))
flux.append (float (1))
err.append(float (m))

with open("Au(n,2n) _EXFOR.txt", "r") as f:

lines = f.readlines ()
for line in lines:

87




50 a, b, ¢ = line.strip().split()
51 energyexfor.append (float(a))
52 fluxexfor.append(float (b))

53 errexfor.append(float(c))

55| for label in (ax.get_xticklabels () + ax.get_yticklabels()):
56 label.set_fontsize (13)

571 plt.plot (energyTalys, fluxTalys, ¢ = "g", linestyle=’solid’
, linewidth=2, label=’Talys’)
55| plt.plot (energyENDF, fluxENDF, 1linestyle=’solid’, c = "b",

label=’ENDF/B-VIII.O’)
50| plt.plot (energyIRDFF, fluxIRDFF, linestyle=’solid’, c =
orange", label=’IRDFF-II’)

so|plt.errorbar (energyexfor, fluxexfor, yerr = errexfor, fmt =
>+’ ,c = "black", label=’EXFOR’)
61| plt.errorbar (energy, flux, yerr = err, fmt = ’+’,c = "r",

label=’Experiment’)

62| plt.xlabel (’Energy [MeV]’, fontsize=13)

o3| plt.ylabel (’Cross section [b]’, fontsize=13)
o1 plt.x1im ((0,35))

65| ax.legend ()

66| plt . show ()

38



A.3 TALYS output example

: Cu0(n,x)Cub2 cross section

# header:
title
source: TALYS-2.0
user: Arjan Koning
date: 2024-01-31
format: YANDF-0.1

target:

Z: 29
A: O
nuclide: CuO

type:
ENDF _

residua
Z: 29
A: 62
nucli
datablo

entri

H OH OH OH H H HF HH HHHHHE HHEHHHHFH HH

H

NNDNNMNNMNNMNNNRE PR PR PR PR R PR R R 000N WN -

reaction:

(n
MF :

ENDF_MT:

1:

de:
ck:

quantity:
columns:

es:
E

[MeV]
.000000E-01
.000000E-01
.000000E-01
.000000E-01
.000000E-01
.000000E-01
.000000E-01
.000000E-01
.000000E-01
.000000E+00
.100000E+00
.200000E+00
.300000E+00
.400000E+00
.500000E+00
.600000E+00
.7T00000E+00
.800000E+00
.900000E+00
.000000E+00
.100000E+00
.200000E+00
.300000E+00
.400000E+00
.500000E+00

, X)
6
5

Cu62

cross
2
142

O O O O O O O OO OO OO OOOO OO0 oOoooo

section

XS
[mb]

.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
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NNNNANANNOOOOODDOOOO OO0 00O OOO O OO O DD D D DS D DWW WWWWWWWWNNNN

.600000E+00
.700000E+00
.800000E+00
.900000E+00
.000000E+00
.100000E+00
.200000E+00
.300000E+00
.400000E+00
.500000E+00
.600000E+00
.700000E+00
.800000E+00
.900000E+00
.000000E+00
.100000E+00
.200000E+00
.300000E+00
.400000E+00
.500000E+00
.600000E+00
.7T00000E+00
.800000E+00
.900000E+00
.000000E+00
.100000E+00
.200000E+00
.300000E+00
.400000E+00
.500000E+00
.600000E+00
.700000E+00
.800000E+00
.900000E+00
.000000E+00
.100000E+00
.200000E+00
.300000E+00
.400000E+00
.500000E+00
.600000E+00
.700000E+00
.800000E+00
.900000E+00
.000000E+00
.100000E+00
.200000E+00
.300000E+00
.400000E+00
.500000E+00
.600000E+00

O O O O O O O O OO OO OO OO OO OO OO OO OO OO OO OO0 ODODODOODOOOOOOOOOVOLOL O OO

.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
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P PR, R, R, R, R, R R RRRRPRPRRPRRPRPRRPRRRPRRRRRRRRRREPOOOOOOO:O:OOO0OO0O0Oo0 00 00 00 0 0 0 N N N

.700000E+00
.800000E+00
.900000E+00
.000000E+00
.100000E+00
.200000E+00
.300000E+00
.400000E+00
.500000E+00
.600000E+00
.7T0O0000E+00
.800000E+00
.900000E+00
.000000E+00
.100000E+00
.200000E+00
.300000E+00
.400000E+00
.500000E+00
.600000E+00
.700000E+00
.800000E+00
.900000E+00
.000000E+01
.010000E+01
.020000E+01
.030000E+01
.040000E+01
.050000E+01
.060000E+01
.070000E+01
.080000E+01
.090000E+01
.100000E+01
.110000E+01
.120000E+01
.130000E+01
.140000E+01
.150000E+01
.160000E+01
.170000E+01
.180000E+01
.190000E+01
.200000E+01
.210000E+01
.220000E+01
.230000E+01
.240000E+01
.250000E+01
.260000E+01
.270000E+01

B P, R, 20N WNE P, OOWERENOOOODOOOO OO OO OO0 0O O0ODODOO OO OO0 OoOOoOOoOOoOOo

.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.614165E-01
.498392E+00
.069942E+00
.337717E+00
.109808E+01
.7T99376E+01
.606163E+01
.644044E+01
.728537E+01
.079430E+01
.454693E+01
.891672E+01
.045893E+02
.195547E+02
.359792E+02
.516431E+02
.662230E+02
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164

165

166

N

1.280000E+01 1.825903E+02
1.290000E+01 1.970305E+02
1.300000E+01 2.103749E+02
1.310000E+01 2.253692E+02
1.320000E+01 2.381600E+02
1.330000E+01 2.498414E+02
1.340000E+01 2.623222E+02
1.350000E+01 2.736393E+02
1.360000E+01 2.836538E+02
1.370000E+01 2.932643E+02
1.380000E+01 3.033847E+02
1.390000E+01 3.118374E+02
1.400000E+01 3.192140E+02
1.410000E+01 3.274685E+02
1.420000E+01 3.348985E+02

A.4 MCNP detector model example

HPGe
c Activation foils

31 C

¢ New evaluation of scale factor 1.0162 +-0.026 (from film

)

coaxial HPGe detector in vertical configuration (Ortec

GEM35 )

Radiogram made -
film 1.5mm behind

a o0

GEM35 )

%k Xk 3k 3k %k %k 5k 5k %k %k Xk 3 %k >k Xk 5 %k %k Xk > > %k %k % > % %k %k % % % Xk

Experimentally determined parameters
Crystal radius
Crystal lenght
Hole lenght
Hole radius
End to cap
Cap thickness
Pin

radius

Pin cavity radius
contact lenght

thickness

Pin

Gap thickmess ........... ... . o,
Detector end radius
Hole end radius
Radius of cap

O 0O o0 o0 o0 o0 o0 00000000000

=
)
)
=]

O O O O O O O vl w

o

.003
.525
.420
.482
.651
.143
.331
.222
.369
.480

.4 cm
.4 cm
.185

O O OO O O O o oo

Cs source b5m from 8.24cm thick HPGe,

coaxial HPGe detector in vertical configuration (Ortec

.010
.020
.035
.011
.016
.013
.024
.003
.026
.018

.011

cm
cm
cm
cm
cm
cm
cm
cm
cm
cm

cm




O 0O o0 0 o0 0 0 0 0000000000000 0000000000

O

O o0 o0 o0 o0 o0 o0 o0 o0 00

O

Measured radius of cap  .............. 4.118 0.002 cm
Divergence factor 1.016187778

Dead layer front 0.158 0.003194689
Dead layer side 0.121 0.003194689

Al thicknes 0.098 0.003 cm

Out diameter 6.325 0.049 cm

low brace - middle brace 1.950 0.059 cm
middle brace - up brace 1.493 0.051 cm
L brace 0.629 0.033 cm

th. brace 0.178 0.010 cm

Shielding 5 cm

Th Pb 0.3 cm

Th phenolic paper 0.1 cm
Th Cu

lbrace end -0.651 level
begin -1.280 1level
2brace end -2.773 level
begin -3.402 1level
3brace end -5.547 level
begin -6.176 1level

Box 42 x 42 x 42

Detector end cap center is in centre of midplane [0; O;
0]

EG3 geometry position 2 is radially central 2.68 cm from
end cap
EG3 geometry position 5 is radially central ©5.68 cm from
end cap
EG3 position X is radially central X.68 cm from end
cap
in this positons 4.7 mm PMMA between source and detector

PMMA PMMA PMMA PMMA I

PMMA_PMMA_PMMA_PMMA | 1.6mm

PMMA_PMMA_PMMA_PMMA I

5k 3k %k 3k 5k >k 5k 5k %k 5k %k %k 5k %k %k 5k %k %k 5k %k k Xk %k %k RADIO NUCLIDE tl 0.2mm
PMMA_PMMA_PMMA_PMMA I

PMMA_PMMA_PMMA_PMMA | 1.2mm

PMMA_PMMA_PMMA_PMMA I
———————————————————————————————————————— HPGE END CAP
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89

90

91

92

93

O 0O o0 o0 o0 o0 o0 0000000000000

[N e}

a o0

O o0 o0 o0 o0 o0 o0 o0 o0 O o o o0 o o0 0

O o o0 o0 o0

EG3 in holder

PMMA_PMMA_PMMA_PMMA |

PMMA_PMMA_PMMA_PMMA | 1.6mm
PMMA_PMMA_PMMA_PMMA |

%k sk 5k sk >k k >k %k ok %k >k %k >k >k k >k %k % k %k k %k k % RADIO NUCLIDE tl1 0.2mm
PMMA_PMMA_PMMA_PMMA |

PMMA_PMMA_PMMA_PMMA | 1.2mm
PMMA_PMMA_PMMA_PMMA |

PMMA PMMA PMMA PMMA I
PMMA PMMA PMMA PMMA I
PMMA_PMMA_PMMA_PMMA I
PMMA PMMA PMMA PMMA I
PMMA_PMMA_PMMA_PMMA | 3.5 mm PMMA holder of EG3
PMMA_ PMMA PMMA_ PMMA I
PMMA_PMMA_PMMA_PMMA I
PMMA_PMMA_PMMA_PMMA I
PMMA_PMMA_PMMA_PMMA I

———————————————————————————————————————— HPGE END CAP

EG3 is placed to detector cap by upper plate
thus between foil and detector is 1.2mm of PMMA
when in distant position .... EG3 is on PMMA plate with
hole
in position 2
End cap - plate = 2.21 cm
plate botom = 3 mm
EG3 botom = 1.2 mm

3K 5k % ok %k %k ok % ok 3k % ok 3 ok 3k %k 5k 3 ok >k 3k >k % K >k % > k % >k % %k * K *k K X
————————————— Dead layer determination ---------
measured with 241Am source (more Boson et al. Nuclear
Instruments and Methods

in Physics Research A 587 (2008) 304 - 314; Dryak 2006 )

Mi calculated by MCNP6 Mi_Ge=1.8824; Mi_Al1l=0.167

LR-0 group results:

Cap
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160

161

O o o o0 o0 o0 o o0

c 1.582 mm (weigted over HPGe cap

surface)
c 1.508 mm (averaged)
c
c Side
c 1.212 mm (weigted over HPGe cap
surface)
1.219 mm (averaged)
o K ok K oK K oK koK oK K oK kK oK K K K oK ok K oK K K kK ok K oK K oK ok K oK K K R K oK K K K K K K K K
€ oo

13 -11.35 (1 -8 9 -16 17 -24) (-2:7:-10:15:-18:23) (25)
imp:p,e=1 $ Pb
2 2 -1.25 (2 -7 10 -15 18 -23) (-3:6:-11:14:-19:22) (25)
imp:p,e=1 $ Phen.
31 -8.96 (3 -6 11 -14 19 -22) (-4:5:-12:13:-20:21) (25)
imp:p,e=1 $ Cu
4 0 (4 -5 12 -13 20 -21) (25) #16 #18 imp:p,e=1 $ Air in
box
c
5 4 -2.7 -25 26 imp:p,e=1 $ Det. cap

¢ simplified version
6 5 -5.32565 (-31 32 43 -44):(-31 -41 -46 48 47) imp:p,e=1
$ detector
c 7 5 -5.3255 (-30 31 43 -44):((-30 44 -40 -45)
(31:-44:41:46)) imp:p,e=1 $ insensitive
c

;3lc detail version

6 5 -5.3255 (-31 32 43 -48):(-31 48 47 -64) :(64 -41 -62)
:(-61 62 64)
imp:p,e=1 $ detector
7 5 -5.3255 (-30 31 43 -64):(-62 41 -40):(-60 61 62 64)
imp:p,e=1 $ insensitive

71 C

8 0 (-32 33 43 -48):(-47 33) imp:p,e=1 $ air in hole
c 9 1 -8.96 (-33 58 -48):(-47 48 -33) imp:p,e=1 $ contact
pin
9 1 -8.96 (-33 58 -48 36):(-47 48 -33 36):(-36 49 -47)
imp:p,e=1 $ contact pin
17 0 (-36 58 -48):(-36 48 -49) imp:p,e=1 $ contact pin
spring
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63| c Air crystal to mounting

64 10 4 -2.7 (57 -40 35 -34):(34 -55 43 -53):(34 -55 52 -51)
: (34 -55 50 -40)

165 imp:p,e=1 $ Al

66| 11 4 -2.7 -59 33 57 -56 imp:p,e=1 $ Al ink line

67| 12 0 (34 -55 57 -43):(34 -55 53 -52):(34 -55 51 -50) imp:p
,e=1 $ air braces

6] 13 0 (56 33 -43 -35):(43 -40 30 -35):(62 -30 64 -40 60)

: (57 -56 59 -35)

169 imp:p,e=1 $ air in HPGe

70| 14 4 -2.7 58 -57 -55 33 imp:p,e=1 $§ Al bottom

1711 C

72| ¢ Air in system

73] 15 0 (-58:55:40) (-26) imp:p,e=1 $ air inner cap to cap

16 9 -1.19 -73 imp:p,e=1 $

3
a o oo

Marinelka

178 16 12 -0.98 ((101 -103 -104) : (105 -101 -104 106):

179 (103 -107 -102)) imp:p,e=1 $ zdroj

180 18 11 -0.9101 (108 -105 -109 110):(105 -101 110 -106)
: (100 -101 -110):

181 (105 -111 104 -109):(111 -103 104 -112):
182 (103 -107 102 -112) imp:p,e=1 $ Marinelka
183] C

is2] 100 0 (-1:8:-9:16:-17:24) imp:p,e=0 $

Shielded box

[N e}

px -26.4
px -21.4
px -21.1
px -21
px 21

px 21.1
px 21.4
px 26.4

%
0N O WN e

203 9 py -26.4
204 10 Py -21.4
205 11 py -21.1
206 12 py -21
207 13 Py 21

208 14 Py 21.1
209 15 Py 21.4
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16 py 26.4

17 pz -15.4

18 pz -10.4

19 pz -10.1

20 pz -10

21 pz 32

22 pz 32.1

23 pz 32.4

24 pz 37.4
c
c 25 cz 4.1205

25 RCC 0 0 -15 0 0 15 4.118 $ detector cap, top in: (O,

0, 0)
26 Rcc 0 0 -14.857 0 0 14.714 3.975

30 cz 3.003 $ Crystal radius

31 cz 2.882 $ Sensitive part of HPGe radius

32 cz 0.482 $ Hole radius

33 cz 0.331 $ Pin radius

34 cz 3.163 $ Inner cap

35 cz 3.064 $ out cap

36 cz 0.222 §$ hole in pin (avegraged - spring)

40 pz -0.651 $ crystal end (Cap end - End to cap)

41 pz -0.809 $ sensitive part end (crystal end -
sensitive part)

43 pz -6.176 $ crystal begin (crystal end - crystal
lenght)

44 pz -1.756 $ hole end (crystal end + hole lenght)

cutted edge linearization X=(r*sqrt(2)-r)/cos(45deg)
r Detector end radius

O o o o0 o o0

in this case distance from crystal radius to cut beginn
2.343mm

sphere centre 3.026 cm below detector end center

radius = sqrt(R"2 + (R-X)"2 )

R Crystal radius

Correction to linearized cut 5.5 %
Area(neglected) / Area (HPGE
Area(neglected) = area square - area circle - area cutted

45 s 0 0 -3.647 4.117
46 s 0 0 -3.647 3.977

O o0 o0 o0 o0 o0 o0 o0 o0 o0 o0

47 s 0 0 -2.238 0.482 $ hole cut
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256

sic DB -

48 pz -2.238
radius cut)

49 pz -2.126 $ End of pin contact

50
51
52
53
c
55
56
57
58
59

-1.280
-2.773
-3.402
-5.547

begin up brace

end middle brace
begin middle brace
end low brace

pz
Pz
Pz
Pz

€ H H P

3.243

-10.218
-10.718
-11.018
1.05 $

cz
Pz

& hH H P

pz

cz

c

c detail radius model

60 TZ 0 0 -1.051 2.603 0.4 0.4

61 TZ 0 O
cap (=0.1580cm)

0; 0; DB-R DR-R R R

Det. begin, R - end det. radius;

62

63

64

65

2.603
2.482
-1.051
-1.209

cz
cz

Pz

EG-3 in
EG3

cap

in this

various positions

aO o o o0 o0

[N e}

inner cap brace radius

position X is radially central

$ hole end (crystal end + hole lenght -

(end with crystal)

(begin with crystal)

-1.051 2.603 0.242 0.242 $ insensitive layer in

DR - det. radius

X.68 cm from end

positons 4.7 mm PMMA between source and detector

70

71

72

73

74
c

RCC
RCC
RCC
RCC
RCC

100
101
102
103
104
105
106
107

Pz
Pz
cz
Pz
cz
pz
cz

pz

$ EG-3 on det. surface
$ EG3 in position 2
$ EG3 in position 5
3 $ EG3 in position 10
1.25 $§ EG3 in side position

S O O O O

o5/ c geometrie marineli

0.01
.21
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108 pz -6.39
109 cz 6.2

110 cz
111 pz
112 cz

~N o
o w
—

Mode p e
F8:p 6
E8 0 1E-5 1E-3 2198i 2.201

SDEF POS O 0 0 axs O 0 1 rad=D1 ext=D2 erg=D4 PAR=2 cell
=16

SI1 h 0 0.15

SP1 4 -21 1

SI2 0.121 0.141

SI2 2.68 2.70 $ position 2 cm

SI2 5.68 5.70 $ position 5 cm

SI2 10.68 10.70 $ position 10 cm

SP2 -21 0

SI4 0.0595 $

Sp4 1

ot aBb b BB

Bocni poloha zdroje

O o0 o0 o0 o0 o0 o0 o0 o0 o0 o000

SDEF POS 0 O 0 axs 1 0 O rad=D1 ext=D2 erg=D4 PAR=2 cell
=16

SI1 h 3 3.18

SP1 d -21 1

SI2 h 4.32 4.34

SP2 4 -21 O

SI4 L 0.661 $

SP4 D 1

O o0 o0 o0 o0 o0 o0

Marinelka

SI1 0 6.2

SP1 D -21 1

SI2 -6.19 2.01 $
SP2 D -21 0

SI4 L 0.7955 $
SP4 D 1

0.0695; 0.122; 0.1365; 0.3917 0.6616; 0.898; 1.173;
1.332; 1.836
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368

(e]

O o0 o0 o0 o0 o0 o0 o0 o0 o0 o0 o0 00

[N e}

(e]

o o o o0 0

M1

m2
m3

mé

3905| M5

397| M6

M1 - Cu

m2 - Phenolic paper
M3 - Lead

m4 - Al

mb - Ge

m6 Au(17%)+A1(99%)
m7 Steel

m8 - Ni ro= 8.908
m9 - PMMA ro=1.19
mll polypropylene
m12 silicon rubber (source matrix)

Copper 8.96 g/cm3

phenolic paper 1.25 g/cm3; Wt. comp. 1000 -0.057444 6000
-0.774589 8000 -0.167968

lead 11.35 g/cm3

Compendium of Material Composition Data for Radiation
Transport Modeling

PIET-43741-TM-963

PNNL -15870 Rev. 1

ro=5.3255

Experimental and MC determination of HPGe detector

efficiency in the 40 2754 keV

energy range for measuring point source geometry with the
source-to-detector distance

of 25 cm

29063 0.6916262
29065 0.3082671
47107 0.0000513
47109 0.0000477
33000 0.0000027
79197 0.0000002
27059 0.0000035
51121 0.0000007

51123 0.0000005
6000 7 1000 8 8000 2
82204 -0.014

82206 -0.241

82207 -0.221

82208 -0.524
13027 1
32000 1

79000 -0.01
13000 -0.99
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m7 6000 -0.0042000
14000 -0.0027000
15031 -0.0004000
16032 -0.0004000
24050 -0.0001669
24052 -0.0033483
24053 -0.0003869
24054 -0.0000981
25055 -0.0080000
28058 -0.0026879
28060 -0.0010710
28061 -0.0000473
28062 -0.0001534
28064 -0.0000403
29063 -0.0020550
29065 -0.0009450
26054 -0.0549466
26056 -0.8944798
26057 -0.0210262
26058 -0.0028473 $ Fe csn12050.1 ro=-7.85

m8 28000 1

m9 6000 5 1000 8 8000 2

mlil 6000 2 1000 3

ml2 1000 -0.080716 6000 -0.321164 8000 -0.223545 14000

-0.374575

25| NPS 1e7

PRDMP 1e6 1le6 1
print
cut:p j 0.01
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