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Abstract

This work presents the techniques and methodologies employed by the Universitat
Autonoma de Barcelona (UAB) radiation research group in neutron spectrometry and
neutron dosimetry topics as well as their application in different situations. Up to four
techniques are used by the group: a neutron dosimeter based on the plastic Poly Al-
lyl Diglycol Carbonate (PADC) used as etched track detector, a Bonner Sphere System
(BSS) using a *He proportional counter as a thermal neutron detector, a BSS using gold
foils as a thermal neutron detector and Monte Carlo (MC) simulations employing MCNP
executables.

In particular, experimental characterization and measurements of the neutron field were
performed in three different particle accelerators: in a proton radiotherapy centre using
the Mevion S250i Hyperscan single-room delivery system, in ALBA electron synchrotron,
and in the CERN-EU high-energy Reference Field (CERF) facility. Measurements of the
neutron component in proton radiotherapy were done when the particle beam scanning
technique was used and the measurements took place in points outside of the therapeutic
proton field but inside of phantoms (water tank phantom and child anthropomorphic
phantom). Spectrometric measurements in air around the anthropomorphic phantom
were also obtained. MC simulations were heavily used in order to improve the neutron
dose assessment, according to the presented methodologies. An approximation to model
the energy degraders used in proton radiotherapy is presented as well.

Due to the increasing interest in the impact of mixed radiation fields in the total response
of a radiation detector, an equation is proposed to deal with mixed radiation fields when
a radiation detector has a main sensitivity to a specific type of particle but it has, un-
avoidably, a residual response to other particles of the field. Energy dependence on the
response is included in the mentioned equation.

On the other hand, as neutron quality factors are needed in order to provide the neutron
dose equivalent (for instance in proton radiotherapy out-of-field neutron doses) and it
turns out that they are lacking in an explicit way in the energy range from 25 to 10* MeV,
a methodology to compute them is presented and a recommendation in that energy range
is given. Secondary results of this work are the energy distribution characterization of
the neutrons in the HOmogeneous Thermal NEutron Source (HOTNES) design found in
ENEA-Frascati facility and the use of MC simulations to study the impact of moist soils
on the energy distribution of the neutron fluence near ground.

Total out-of-field doses in proton radiotherapy treatments with Mevion S250i Hyperscan
single-room delivery system are lower in comparison with total out-of-field doses in photon
treatments. However, the design of the facility and the delivery system used in proton
radiotherapy treatments (under the particle beam scanning technique) are critical in the
production of secondary radiation and, in particular, in the production of neutrons.

In combination with the results from other works, for anthropomorphic paediatric 5 years
old phantom at a distance of 12 cm from the isocenter, a total out-of-field dose (per
therapeutic Gy) of ~ 7000 uSv Gy~ is found for photon treatments, while in particle beam

scanning proton radiotherapy treatments, a total out-of-field dose of ~ 300 uSv Gy~! is

found in Mevion S250i Hyperscan single-room delivery system and ~ 100 uSv Gy~! is
found in IBA multiple-room delivery system. Economical aspects in the construction of
a proton radiotherapy centre are important and ALARA principle should be properly

interpreted.
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Chapter 1

Introduction and objectives

Among the common radiations, neutrons have always been regarded as the most difficult
to detect. One of the reasons is that neutrons have no net charge and can only be de-
tected via nuclear reactions, so that heavy secondary charged products can be registered.
Charged particles are produced from a neutron field, using neutron converters. While
gamma rays also do not have a net charge, their interactions are traditionally covered by
atomic reactions (i.e., interactions with atomic electrons) through the three well-known
atomic processes: the photoelectric effect, compton scattering and pair production, whose
theoretical bases are well understood in the energy range for the traditional uses of that
radiation. On the other hand, neutron cross sections with matter are often based on em-
pirical data that are often inadequate to cover the desired energy range. Another factor
that makes neutron detection difficult is that neutron radiation can span over 12 decades
in energy (from 1079 to 10> MeV) compared to approximately 4 decades for traditional
gamma rays (about 10 keV to 100 MeV). To further complicate the detection of neutrons,
energy distributions of the neutron fluence in the thermal region are influenced by the
molecular structure, while in the high-energy region, many reaction channels are possible
and existing nuclear interaction models are not fully well known. Due to the difficul-
ties in fully understanding the neutron transport in the mentioned energy range, neutron
detection remains very much an empirical science [IAEA, 2020].

Due to the intrinsic properties of neutrons, they are a powerful probe of the matter and
they can be used to face actual scientific and societal problems in the areas of energy,
transport, communications, computing technology, environment and health care. More
specifically, through the study of the neutrons and their different kind of interactions and
physical principles in a material, applications can be defined under the frame of: neutron
scattering and spectroscopy (solid state physics and chemistry, metallurgy, soft matter,
magnetism, geophysics and oil industry, soil moisture studies [TAEA, 2017|, etc), neutron
imaging (qualification of pyrotechnics for propulsion and explosives in space and aerospace
systems, presence of nuclear elements, quality control in car, aviation and building indus-
try, non-destructive examination of nuclear fuel and its shield, geology, plants, archeology,
metallurgy, etc), nuclear physics (measurement of cross sections in nuclear astrophysics
and nuclear structure, etc), activation (inspection of bridges weakened by salt ingress by
investigating the chlorine content in concrete bridges and structures, forensic science, art,
archaeology, homeland security, etc), irradiation (neutron irradiation damage in materials,
radiobiology, radioisotope production, silicon doping, neutron resistance tests of structural
materials, etc), reactor physics, Boron Neutron Capture Therapy (BNCT) and metrology
(test and calibration of reference detectors, qualification of dosimetry equipment, etc)

13



Chapter 1. Introduction and objectives

[TAEA, 2021).

In this work, in particular, we have been working in the frame of metrology (according
to the classification before) where neutrons contribute to an undesired out-of-field dose
equivalent in particle beam scanning (PBS) proton radiotherapy treatments [[CRU, 2007]
which is the application in that most of our experimental measurements have been carried
out.

In this work, experimental measurements on neutrons have been carried out using three
different techniques: using a neutron radiation detector based on Poly Allyl Diglycol
Carbonate (PADC) or CR-39, using an active Bonner Sphere System (BSS) whose thermal
neutron detector is an He proportional tube and using a passive BSS whose thermal
neutron detector is a gold foil which is activated by neutrons.

In addition to the experimental techniques, Monte Carlo (MC) simulations were used to
complement the experimental work.

Radiation is a well-documented risk factor for cancer induction in virtually any tissue as
shown through atomic bomb studies, accidental and occupational exposures, and medically
exposed individuals. Different organs show different susceptibilities to radiation-induced
cancer per Sv of dose equivalent, and this susceptibility varies with age and, to a lesser
extent, sex. Children are several times more sensitive to radiation-induced cancer than
adults and also depending on the particular organ [Kry et al., 2017].

Radiation is a clear risk factor for second cancers, but it is only one of many etiologic
bases. Roughly 10 % of long-term survivors develop a second cancer; however, only a
fraction of these second cancers are attributable to radiation treatment. Age, genetics,
and environmental factors also contribute to the risk of developing a second cancer. Recent
studies in adults show that of the 10 % of patients who developed a second cancer, 8 %
of those were attributable to the actual radiation exposure from radiotherapy. That is to
say, slightly less than 1 % of long-term survivors developed a second cancer from their
radiotherapy. However, radiation appears to be a larger risk factor for pediatric patients
and further quantification is required [Kry et al., 2017].

It was found that 12 % of second cancers occurred within the treated volume, 66 %
occurred at the periphery of the treated volume (within 5 cm of the field edge), and 22
% occurred more than 5 ecm away from the treated volume, although the study was not
limited to radiation-induced second cancers [Kry et al., 2017].

The ALARA principle (exposure and the likelihood of exposure being as low as reasonably
achievable) is defined in order to reasonably protect the public and environment, economic
and social factors being taken into account [[AEA, 2018]. According to TAEA [2018], this
means that the level of protection would be the best possible under the prevailing circum-
stances, and will thus not necessarily be the option with the lowest risk or dose. In order
to understand better the reasonable concept in the definition of the ALARA principle,
and in particular, when ALARA is applied in out-of-field doses when radiation treatments
are being carried out, research in aspects of radiation protection and radiobiology should
be fostered.

The radiation protection measurements done by Universitat Autonoma de Barcelona
(UAB) and, in particular, through its collaboration with the Working Group 9: Radia-
tion dosimetry in radiotherapy of the European Radiation Dosimetry Group (EURADOS-
WGY9) are relevant due to the fact that out-of-field doses cannot be computed with com-
mercial treatment planning systems because they are not commissioned for small doses

14



(thought to be less than 1 % in respect to the target dose) and do not explicitly fully take
into account the particle type and energy distribution of secondary radiation (which at
the same time would increase computational times) [Paganetti, 2019]. Treatment plan-
ning systems become dramatically inaccurate outside the treatment field, necessitating a
measurement or some other means of assessing the dose |[Kry et al., 2017]. Therefore,
measurements and MC simulations for out-of-field doses in-phantom or out-of-phantom is
a task that can be done, in particular, by public institutions.

Among other results, in this work out-of-field neutron dose equivalents using experimental
methods complemented by Monte Carlo simulations have been obtained so that, in the
end, out-of-field neutron dose equivalent conversion coefficients (from therapeutic Gy to
out-of-field mSv) are provided in Mevion S250i Hyperscan single-room environment under
different parameters and experimental settings when the particle beam scanning proton
radiotherapy modality is used.

It is well known that neutron radiation detectors must discriminate the signal coming from
photons and the signal coming from neutrons in order to not overestimate the neutron
reported dose. This thought can be extended at least in the case of passive systems, as it
has been reported that mixed radiation fields can have an impact in the reported doses
[Stolarczyk et al., 2018] which, in the end, will influence the total dose equivalent since
radiation weighting factors and quality factors can depend on the particle type and their
energy.

Summarising, the main objective of the work related to this Ph.D. Thesis is to determine
dose equivalents (ambient and in-phantom) in proton radiotherapy with UAB methodolo-
gies. During the realization of this work, two issues were encountered: energy distributions
of the neutron fluence can extend beyond 20 MeV (where neutron quality factors are ex-
plicitly missing) and radiation fields can actually be complicated mixed radiation fields.
In order to tackle these problems, a methodology to compute neutron quality factors
was designed and an equation to be used in mixed radiation fields was proposed. While
elaborating this work, there was the opportunity of participating in other experiments or
simulations for other projects, different from proton accelerators for radiotherapy, where
contributions were made.

The manuscript is organized as follows: in a brief summary is presented on
how neutrons appear in particle accelerators and once these neutrons appear, how they
can interact with matter. introduces briefly the whole spectrum of quantities
used to characterize a radiation field, dose equivalent definitions are expanded, and how
neutron produces radiobiological damage is summarized. In we describe the
concept of calibration and we describe the detector systems used by UAB to characterize
neutron fields. In the main important concepts and procedures when using
MC simulations as a complementary tool are presented. A very simple approximation to
model energy degraders is highlighted and in spite of being a first approximation, it has
delivered useful MC results. In this chapter it is also introduced how neutron-producing
elements in PBS proton radiotherapy facilities are modelled (in the frame of this work).
In an equation to deal with mixed radiation fields is presented. The proposed
equation simply links the calibration information to all particle types and energies from
a given detector (i.e., one has to know how a detector responds to any particle with any
energy) with the probabilities of a given particle of a given energy to reach the boundaries
of the detector. In other words, this mathematical equation express the fact that each
particle type with a specific energy will produce partial responses on the detector so that
the total interaction with the whole mixed radiation field will give rise to the total signal
stored by the detector. In we present the explicit results found in real neutron
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Chapter 1. Introduction and objectives

fields during the realization of this work. The chapter is subdivided into three sections:
summarises the results obtained in the experiments performed in scanning
proton radiotherapy facilities, which constitute the mainstream of this Ph.D. Thesis work;
abridges the results from MC calculations of the neutron quality factor, Q(E),
in a wide energy range; and finally, presents the experimental and MC results
for other applications both in similar and different neutron energy ranges than in the case
of proton radiotherapy. Finally, conclusions and perspectives are included in
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Chapter 2

Neutron physics

The aim of this chapter is to make a brief and general introduction to the nuclear reactions
that result, in their final state, in neutrons. Plenty of books and works exist today which
perform an introduction to nuclear reactions and their associated kinematic relationships
(e.g., Baldin et al. [1961]). Regarding on the important details learnt by the kinematic
equations, these will be highlighted in the text when needed.

Is important to notice that not all relevant physics of nuclear reactions is contained in the
kinematic relationships. In the end, and taking into account all the complexity involved in
nuclear reactions from both the theoretical side and the experimental side, it is important
to focus our attention on the insights that can be learnt from cross section quantities and
their associated differential distributions. This is the vision followed in this chapter and
in this work, in general.

However, by analysing the actual knowledge (numerical values) of cross sections and their
associated differential distributions, it turns out that experimental cross section data [EX-
FOR, 2022| and even evaluated cross section type quantities [ENDF, 2022| are scarce.
This is specially the case in high energy regimes so that Monte Carlo (MC) simulation
codes have to rely on nuclear models at these energies.

All together, it is important to consider MC simulations as a complementary tool rather
than a independent tool from experimental measurements. A degree of benchmarking and
validation must always exist between MC simulations and experimental measurements.
This is specially relevant when MC simulations are intended to be used as independent
tool [Kry et al., 2017], specially in higher energy regimes.

Neutrons discovered by Chadwick [1932] are particles constituted by three charged quarks,
one positive charged quark u (g, = %qef) and two negative charged quarks d (¢q = —%qef)
where ¢,- is the electrical charge of the electron. The spatial distribution of the quarks
inside the neutron produces a spatial charge density, p(r, 8, @), related to that shown in

Figure
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Figure 2.1: Spatial charge density of a neutron is shown in black. From|Gérski et al. [1992] and
Brand et al. [1996).

However, in integrating this spatial charge density in the volume of the neutron, Ve, we
obtain that the net charge of the neutron, qpe, is

(ne = /p(r,@, ) dVpe = 0. (2.1)
VnC

Moreover, due to the currents of the quarks inside the neutron, a neutron magnetic moment
in the sense and direction of the also generated neutron magnetic field arise. We can
imagine this situation as each quark forming circular closed currents inside the neutron
and generating each of them a quark magnetic moment so that the addition of these three
contributions give rise to the actual neutron magnetic moment.

So, when a neutron is travelling in a material it is seeing the distribution of nuclei and the
distribution of electronic magnetization and the reason is that the magnetic moment of the
neutron interacts with the magnetic moment of the atomic electrons or the magnetic field
produced by the atomic electrons [Kittel, 2005]. The cross section for the neutron-electron
interactions can be even of the same order of magnitude than that of the neutron-nuclear
interaction |Kittel, 2005|, [Bacon, 1966], [Halpern et al., 1938], [Lynn, 2012|, [Pynn, n.d.],
[Zaliznyak et al., 2015]. Although magnetic scattering can have relevance, it does not
produce a transformation of the neutron into another particle in the final state and it is
only of relevance for thermal neutrons as their associated De Broglie wavelength can span
up to several atoms according to the classification of the matter and neutrons shown in

Tables [2.1] and respectively.

Table 2.1: Lengths in matter

Scale Length

Molecular or inter-atomic distances > A

Atomic ~ A

Nuclear ~ fm

Nucleon < fm

Particles are, at the same, waves. Specifically, a free particle in space is a wave packet so,
actually, particles are dislocalized in space forming a probability wave or a cloud whose
shape is precisely related to the wave function shown in Figure which is also related

18



Table 2.2: Neutron classification in energies and neutron interactions with the matter

Neutron classification E\iN. Eyviax. ADB Comment on the interaction
Thermal neutrons - 1eV Apg > 0.29 A Interaction with whole molecules
Epithermal neutrons 1eV 0.1 MeV  0.29 A > \pg > 90.44 fm Main interactions with the atomic nucleus
Fast neutrons 0.1 MeV 10 MeV  90.44 fm > Apg > 9.02 fm ) i

High energy neutrons 10 MeV - ApB < 9.02 fm Main interactions with nucleons

to the De Broglie wavelength
h h

)\DBZHZ > ;
PL (B +o2mE

where h = 4.1356 eV - s is the Planck constant, |p| is the linear momentum associated to
the free particle, F is the kinetic energy of the particle, m is the mass of the particle (for
a neutron mye = 939.5654 MeV c¢=2) and ¢ = 2.9979 x 108 m s is the velocity of light.
The total energy of the free particle Et is, therefore,

(2.2)

Epr=E+mc = \/(|p|c)2 + (mc2)?. (2.3)

Re'¥(x, 1)

Figure 2.2: The function Re(¥(x,t)) for a wave packet of a free particle propagating along the
z-azis, with a group velocity. From |Bransden et al. [2000].

Qualitatively speaking, one can interpret that the width of a wavepacket (of the wave-
function), Figure is proportional to the De Broglie wavelength, Equation , and
therefore the degree of dislocalization of the incident particle and the extension of its range
of interaction with its surroundings can be qualitative assessed in terms of Apg.

Therefore, while higher values of A\pp about the order of the length of a molecule mean
that the wavefunction of the incident particle is interacting with whole molecules, smaller
values about the order of the length of the nucleon mean that the interaction may take
place with individual nucleons. For instance, thermal neutrons, with kinetic energies of
the order of 1079 MeV, and therefore with values of Apg = 9.04 A, have an interaction in
a molecular level, so their transport has to include molecular and binding effects (target
particles cannot be considered as free atoms). However, for high energy neutrons (with
E =120 MeV and App = 2.53 fm) the interaction will be preferentially with the atomic
nucleus or even with individual nucleons.
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Chapter 2. Neutron physics

2.1 Cross sections

Any nuclear interaction ¢ can be characterized by an equation like
a+X—>Y+b, (2.4)

where a is the projectile, X is the target, Y is a reaction product and b is the ejectile,
reaction product or outgoing particle. Equation (2.4)) can be written simply as X(a,b)Y
or (a,b).

A nuclear interaction i can be described by its cross section,
o, or o(X(a,b)Y), (2.5)

which is related to the probability of the nuclear reaction i to take place. It has the
dimension of an area (unit cm? or barn = 1072* cm?). In particular, the cross section
depends not only on the reaction type, but also on the energy of the projectile and usually
it will be written as o;(E).

Usually we are interested in the energy and angular distributions of the outgoing particles
coming from a nuclear reaction i, i.e., particle b from Equation (2.4]), and for that reason
the differential cross section is defined. We can define the following differential cross section

d%o;

2.6
dFE, A2, (2:6)

so that the quantity d?c; is related to the probability of having reaction i and having as a
result an outgoing particle within an energy between F}, and E}, 4+ dEp and a solid angle
between Qy, and Qy, +d€y,. Actually, differential cross section, Equation (2.6)), depends on
the energy of the projectile and ejec;cile and the solid angle subtended by the ejectile, so
Equation (2.6 can be written as %(E’ Ey, ).

Along this work we will be using 2D plots and when plotting dEdj%’Qb(E , By, Qp), we will
have to fix 2 variables, which will usually be E and £, so we can have an idea about
the probability of having nuclear reactions giving, as a result, an energy distribution of
Ey,. Figure is an example in which the energy distribution of the outgoing neutrons
from reaction 2C(p,xn)Y (p = proton) (according to the evaluated data ENDF/HE-VI)
is exposed.
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Figure 2.3: Energy distribution of the neutrons generated through reactions 12 C(p,zn)Y. Evaluated
data taken from |ENDF [2022).

2.2 Neutron production caused by incident photons

In electron accelerators, the neutron production is dominated by the interaction of the
electron induced bremsstrahlung photons with matter rather than by the direct interaction
between the electrons and matter [International Atomic Energy Agency, 1979)|.

The radiation yield is the quantity that describes how much of the kinetic energy of the
electrons is transformed into photon energy inside of a material. If one electron of initial
kinetic energy Te(ll) is stopped in a material, its radiation yield is calculated as [Berger
et al., 1964]

e
1)y 1 /el Srad(T)
Y (T = — dT 2.7

TV =00 Jy Sall) + SunelD) + S 2D

where the quantity S;(7) is the stopping power of an electron with kinetic energy T and
for the physical process i (see . If the material is characterized by an atomic
number Z, Equation can be approximated by the following expression |[Turner, 2007]
[Koch et al., 1959]

(N) _ (1)
E 6x107*ZT
ph__ X e (2.8)

v(T'V, z) - 7
7 1+6x10-42T!

el

where Eég) is the total energy brought by N photons.

Figure presents the radiation yielding for different materials for electrons with energy
up to 100 MeV.
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Figure 2.4: Radiation yield induced by incident electrons of energy Fy in different materials. From

NCRP [2003].

For each nucleus, there is a low-energy threshold for the incident photon, Eip, in which
neutron production can be possible. These thresholds can be seen in the cross section
plots in Figure In the work of Di Fulvio et al. [2013] non-negligible neutron doses
were measured in 6 MV X-ray treatment.

Photons can interact with matter producing photo-nuclear or photo-fission nuclear re-
actions leading to the production of angular and energy distributions of outgoing neu-
trons. This is mainly done through three different processes [International Atomic Energy|

Agency, 1979):

1. The giant photonuclear resonance, between photon energies from E;p to ~ 30 MeV.
2. The quasi-deuteron effect, between photon energies from ~ 30 MeV to ~ 300 MeV.

3. The photopion production, for photon energies greater than ~ 300 MeV.

Currently, there are few measurements of the energy and angular distributions of sec-
ondary particles emitted in photonuclear reactions and, in addition, most of the existing
measurements are for bremsstrahlung photon sources (see, e.g., Jones et al. [1953], Price
1954], Reinhardt et al. [1962], Kashual et al. [1968], |[Shin et al. [1970], |Alsmiller et al.
1970]), rather than of for monoenergetic sources as required for a complete cross section
evaluation.

Usually, Monte Carlo (MC) simulations of the radiation transport largely depends upon
nuclear model calculations to estimate emission spectra. These calculated spectra are
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Section 2.2. Neutron production caused by incident photons

consistently obtained from the calculated cross sections for various channels i.e., (y, 1n),

(v,2n), ete, and they can be validated through comparisons with measured values [Chad-|
wick et al., 2003].

Typically, evaluated cross section data for photoneutron production have the shape shown
in Figure and it is thought that the dependency in the whole photon energy range
should be that shown in Figure The theoretical dependency shown in Figure is
taken into account in the nuclear models implemented in the MC codes [Chadwick et al.,|

2003).
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Figure 2.5: Photoneutron cross section per nucleus for incident pho- Figure 2.6: Photoneutron cross section per nu-
tons. The vertical dashed lines split the three physical processes that cleon for incident photons. From |International
produce photoneutrons (see text). From |Kishida et al. [2005]. \Atomic Energy Agency [1979].

In the region of the giant photonuclear resonance (30MeV > E > FEi,), the photon
wavelength is comparable to the size of the nucleus, so that photoabsorption proceeds
primarily through a collective excitation of the nucleus, where the neutron and proton
distributions undergo a bulk oscillation against each other [Chadwick et al., 1994]. There
is some degree of anisotropy neutron emission following a dipole shape (peaking at 90° in
respect to the direction of the incident photon) which is more important in heavy elements
than in light elements |[Chadwick et al., 2003| [Price, 1954] and is more important for
neutrons with higher energies than those of lower energies as can be deduced from Figures

27 28 and 23]
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Figure 2.8: Angular distribu-
tion of photoneutrons created
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a threshold detector based on
2T Al(n,p) cross section with a
threshold of 1.95 MeV. There-
fore a configuration sensitive
to neutrons with energy higher
than 1.95 MeV. From

[1957].
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tion of photoneutrons created
by 22 MeV bremsstrahlung pho-
tons incident on different ma-
terials.  Neutrons detected by
a threshold detector based on
28i(n,p) cross section with a
threshold of 2.69 MeV. There-
fore a configuration sensitive

to neutrons with energy higher
than 2.69 MeV. From

(1957}

In the work of is also proved, through the use of an epithermal neutron detector,
that neutrons of energy up to 0.13 MeV are emitted isotropically. Assuming isotropy, the
unit energy distribution of the neutron fluence of the photoneutrons generated by the
giant photonuclear resonance process is similar to the unit energy distribution of the
neutron fluence of fission neutrons, both processes being well approximated using some of
the following analytical expressions [International Atomic Energy Agency, 1979] [NCRP,|

2003] [Vorobyev et al., 2011] [Bedogni et al., 2007]

1de(B) _ dp(B) _
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E
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where ¥ > 0 is the kinetic energy of the neutron and
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Section 2.2. Neutron production caused by incident photons

is an associated temperature in the fitted analytical distribution for the physical process
i. It can be shown that T; is actually the most probable kinetic energy of the encountered
neutrons modelled with the Maxwell-Boltzmann distribution [Tipler et al., 2008]. kg =
8.6173 x 10~ MeV K~! is the Boltzmann constant and ¢ is the temperature in units of
Kelvin. NV; is the normalization constant associated with the fitted analytical distribution
1 so that

0
Using Equation ([2.15]) it can be proved that
1
Ngav. = - , (2.16)
\/g (erf(%) + 1) o
1
Napg = (2.17)

gt T(a+1)

Where erf(x) is the error function and I'(x) is the gamma function.

Examples of distribution Equations (2.10)), (2.11)), (2.12]) and (2.13]) are graphically shown
in Figure (2.10]).
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Figure 2.10: Lethargy representation (see |Appendiz (:1) of the unit energy distributions of the
neutron fluence using Equations (2.10), (2.11), (2.12) and (2.13]).

In the region of the quasi-deuteron effect (300 MeV > E > 30MeV), the photon wave-
length becomes smaller so that the interaction will take place with nuclear substructures
rather than with the nucleus as a whole. In this energy range the dominant photoabsorp-
tion occurs primarily with neutron-proton pairs (quasideuterons) [Chadwick et al., 1994].
A two step model which considers the primary photoabsorption occurring via neutron-
proton pairs, followed by a mechanism of fission-evaporation competition for the excited
residual nucleus is usually employed [Terranova et al., 1998]. There is also a moderately
degree of anisotropy in the neutron emission but this time slightly in the forward direction,
see Figure[2.11] In addition, the degree of anisotropy depends on the energy of the emitted
neutron as can be deduced by Figure [2.12] [Levinger, 1951]. As can be seen in Figures
and the cross-section for this mechanism is about an order of magnitude below than

25



Chapter 2. Neutron physics

the giant photonuclear resonance process.
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Figure 2.11: Theoretical differential cross section
for photoneutron production per deuteron target
in the quasi-deuteron model to obtain protons and
neutrons with a kinetic energy of 100 MeV for an
enough energetic incident photon spectrum. From

Levinger [1951).
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Figure 2.12: Theoretical differential cross sec-
tion for photoproton production per deuteron
target in the quasi-deuteron model to obtain
protons with the indicated proton kinetic ener-
gies for an enough energetic incident photon

spectra. From |Levinger [1951).

Proofs that the proposed quasi-deuteron model and experiments are in agreement can be

found, mostly for photoprotons, in [Whitehead et al. [1958] and |Gabriel et al. [1958].

When the two previous process are considered together with the interaction of the local
generated photonucleons with the rest of the nucleus (pre-equilibrium and equilibrium
stages |Chadwick et al., 1994]), it can be obtained the differential cross section shown in

Figure [2.13| using the GNASH code [Chadwick et al., 1994]. Figure shows that, in the

end, neutrons with energies up to 10 MeV are emitted isotropically while neutrons with
higher energies have a tendency to be emitted in the forward direction.
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Figure 2.13: Theorical differential cross section for photoneutron production for mono-energetic
photons of energy 150 MeV for Pb. From |Chadwick et al. [1994).

In the region in which the photopion production is dominant (E > 300 MeV), the photon
wavelength becomes even smaller so that the interaction will take place, in general, with
single nucleons. Therefore, in this energy regime, the substructure of the nucleon is rele-
vant [Rachen, 1996] [Armstrong et al., 1972]. The particular reactions that have neutrons
in the final state are [Armstrong et al., 1972

Y+p—n+at, (2.18)
y+n—n+7°, (2.19)
v +d = n+ 7 + Dgpectator; (2.20)
7+ d = 0+ 7 + Dypectators (2.21)
v+n—n+p. (2.22)

Figure [2.14] shows the total inelastic photonuclear cross section including the photopion
production regime as a function of the incident photon energy.
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Figure 2.14: Total inelastic photonuclear cross section for 56 Fe as a function of photon energy. The
convention of distinguishing two regions based on the photon energy is represented with a change of
the color. The photodisintegration portion (in blue) refers to photon energies below the photopion
production threshold (~ 140 MeV), and the the photomeson portion (in orange) refers to photon
energies above the photopion production threshold. From|Morejon et al. [2019).

The conclusion of the previous exposed physics is that when a photoabsorption mechanism
(through some of the three previous interactions) takes place and the resulting energy is
partially or totally shared with the rest of the nucleus (pre-equilibrium or equilibrium
stage |Chadwick et al., 2003]), it turns out that the angular distribution of neutrons is
not isotropic and therefore this fact has to be taken into account in designing irradiation
campaigns dedicated to neutron detection. Moreover, experimental data in angular distri-
butions of outgoing neutrons is scarce and this has, as a consequence, that nuclear models
are implemented in the MC codes and therefore MC simulations have only a degree of
reliability.

2.3 Neutron production caused by incident hadrons

Besides low-energy nuclear reactions, we can classify the reactions induced by hadrons
leading to neutrons in the final state as follows

e Spontaneous fission, as a physical process not induced by any incident particle.
e Induced fission with low-energy incident hadrons.
e Induced fission with high-energy incident hadrons and photons.

e Spallation processes.

2.3.1 Spontaneous fission

Spontaneous fission of a nucleus takes place in its ground state due to quantum tunnelling
arising from the Coulomb repulsion of the protons inside the nucleus [Naik et al., 2021].
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A perfect example of a nuclide undergoing spontaneous fission is 252Cf, which is, in addi-
tion, a neutron calibration source [[SO-8529-1:2021, 2021]. From evaluation Brown et al.
[2018] it is seen that, given a radioactive activity A, only 3.0920 £+ 0.0080 % (branching
ratio) of the times 2°2Cf is undergoing spontaneous fission while a 96.9080 £ 0.0080 % of
the times 2°2Cf undergoes alpha decay. Therefore, the spontaneous fission activity would
be 0.03920 - A.

During the fission process there is emission of, at least, fission products, neutrons and
photons other than those emitted by an excited state of the daughter ?*¥Cm from 2°2Cf
when the latter decays to the former via alpha decay.

Regarding the fission products coming from 2°2Cf, there is an A (mass number) and Z
(atomic number) distribution of these fission products. An A distribution of the sponta-
neous fission products from 2°2Cf is shown in Figure In the papers the most probable
Z for a given A is also found. The fact that an A and Z distribution of the fission prod-
ucts exists means that the number of emitted neutrons is also following a probability
distribution and therefore the quantity: average neutron multiplicity, Vye, is defined.

Usually, in the spontaneous fission of 2°2Cf (Ay; = 252), there is the emission of a light
mass particle (A;, = 86 —127)(and short-lived fission product) and the emission of a heavy
mass particle (Ag = 127 —162)(and long-lived fission product) plus neutrons, photons and
additional radiation coming from further radioactive decay of daughter nuclei. Therefore,
it is also defined the average light mass, Ay, the average heavy mass, Ag, and the average
photon multiplicity, 7. Finally, the cumulative fission yield, Y¢, is defined as the total
number of atoms of a specific nuclide produced (directly and via decay of precursors) in
100 fission reactions.

In the work of Naik et al. L2021] are obtained, for the spontaneous fission of 2°2Cf, the
values Ay, = 106.13 +0.03, Ay = 142.02 + 0.04 and 7, = 3.848 £ 0.052.

16.0 _ _ i
*CH(SF) A Present work
& Evalustad data, Rel [49] | 1

— 1.5 -
=
n 1
e e 7
B 5.0+ l! ! .
o
£ 1
15}
g 2.5 & . i
: Al
R I 4 K

0.0 8 j -

T T

T y B T T ] T T T T .
B 80 100 110 120 130 140 150 180 170
Mass number {A)

Figure 2.15: Comparison of experimental cumulative yields of fission products in the 2°2Cf(SF)
reaction from work |Naik et al. [2021) and the evaluated data from ENDF/B-VIIIL.O |Brown et al.
[2018). Figure from Naik et al. [2021)].

The energy distribution of the emitted neutrons during the spontaneous fission process
of 252Cf is shown in Figure while the energy distribution of the emitted neutrons
together with the energy distribution of the emitted photons (due to the fission process)
is shown in Figure Physical fission processes tend to be isotropic but in reality, when
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22(f is encapsulated or geometrically distributed in some shape, anisotropies can exist
and they need to be evaluated (see ISO-8529-1:2021 [2021])).

—_ Nefedov et al., 1983 - Neutrons
18 41— Starostov et al., 1983 - Neutrons
— Boytsov et al., 1983 - Neutrons
L6 4 . Dyachenko et al., 1983 - Neutrons - Arbitrary units
T ISO 8529-1, 1956 - Neutrons - Arbitrary units
Z 1.2 A
[
LS
o g -
EZ 1.0
508 A
1S3
0.6 1
0.4 +
0.2 4
0.0 — T e =l — e — et ———rrr
107? 1072 107! 10° 10"

Figure 2.16: Energy distribution of the outgoing neutrons from 22 Cf source. From works|Nefedo
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et al. [1984), |Starostov et al. [1984), |Boytsov et al. [1984),|Lajtai et al. [1990] and|ISO-8529-1:2021

[2021].
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Figure 2.17: Energy distribution of the outgoing fission neutrons and photons from 252 Cf source.

From works |Smith et al. [1956],

Luke et al. [1991

|Oberstedt et al. [2015), |Q1 et al. [2018], |Ploeg

et al. [1992], |Pandit et al. [2010

\De et al. [2020],

Pandit et al. [2021] and EREMIN et al. [2010].

The decays different from the mentioned spontaneous fission (alpha, beta and gamma
decay) will produce a distribution of daughters which can be in their fundamental or
excited state so finally giving rise to a distribution of emitted particles with an energy
distribution. Examples of these distributions are found in Figures and for the
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decay 2°2Cf — 2%8Cm’ + o and ?**Cm — ?*Pu’ 4 o, where i is a reminder that daughters
can be in an excited state.
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Figure 2.18: Energy distribution of the outgoing particles from decay *>?Cf — 28 Cm? + o'. From
ENDF [2022].
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Figure 2.19: Energy distribution of the outgoing particles from decay ?*8 Cm — 2** Py + of. From
ENDF [2022].

252Cf could be classified as belonging to the Thorium Series (as an integer n is found in
equalling 4n = 252) [Krane, 1987] so one could trace the distribution of daughters and
emitted radiation by studying each decay in the mentioned series.

Because of their range, it is obvious that fission fragments and alpha particles will not
reach a radiation detector that is going to be calibrated to the neutrons from a 252Cf
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source. Nevertheless, the photon and electron components could give rise to signal pulses
in the detector. This fact may affect the calculation of the calibration coefficient to
neutrons. To proceed correctly, the non-neutron signal has to be processed and filtered
by an appropriate software managing the radiation detector.

Spontaneous fission decay mode usually does not compete successfully with other type of
decays, like o decay. In the case of 233U is seen that the probability of having a spontaneous
fission is 5.45x107° % (branching ratio) while o decay has a branching ratio of essentially
100 %. Spontaneous fission decay mode does not become an important decay process until
we get to nuclei of mass 250 an above |[Krane, 1987]. However, for not so heavy nuclei,
the situation is different if we have an initial particle interacting with the nucleus in the
initial state. Induced fission could take place and a compound nucleus or excited state
could be produced.

Detailed explanation can be found in |Krane [1987]

2.3.2 Induced fission with low-energy incident neutrons

The absorption by a nucleus of a relatively small amount of energy, such as from a low-
energy neutron or photon, leads to an intermediate state due to the kinetic energy of
the incident particle and its binding energy. A compound nucleus or excited state is
generated, whose energy is at or above the coulomb barrier (which is the energetic barrier
to be overcome in order to the fission process be observable), so that induced fission
competes successfully with the other modes of decay of the compound nucleus. If the
intermediate state is below the barrier, other decay modes, including re-emission of the
absorbed particle may dominate. For some nuclei, absorption of thermal neutrons may
be sufficient to push them over the barrier, while for others, fast (MeV) neutrons may be
required |[Krane, 1987| [Filges et al., 2009] [Naik et al., 2021].

Therefore, while spontaneous fission can be seen from nuclei with mass numbers from 250,
induced fission is seen from mass numbers of 232 from thorium (Z = 90) |Krane, 1987].

Low energy induced fission is the main physical process in conventional nuclear power
plants, that is to say, when the moderated low-energy neutron induces fission in typical
fissile materials such as 233U, 235U, 239Pu and 24'Pu [Krane, 1987].

Energy induced fission can be also used to develop a neutron radiation detector based on
Solid State Nuclear Track Detectors since fission fragments can produce etchable tracks,
as seen in the work of Baumgartner et al. [1966].

Usually, the experimental induced fission energy distribution of the neutron fluence re-
sulting from a fissile material is compared with theoretical energy distributions to better
understand the fission process itself as well as to make extrapolations when needed [Lajtai
et al., 1985]. These distributions are precisely distribution Equations (2.10), (2.11), (2.12)

and (2.13).

Figure shows the neutron induced fission cross sections from cold to high energy
incident neutrons for different nuclei which are used as fuel in conventional nuclear power
plants or as a neutron converters.

32



Section 2.3. Neutron production caused by incident hadrons

105 —
10% 7
10
—
Q
=
= —
g 107" o
.=
=
O
5%
@ 3
® 1077
=}
3
10-° ——232Th(n,F)
—— 21Pa(n, F)
—— 3U(n,F)
7 J— U@y
1077 238 )
—— 23U(n,F)
——TNp(n, F)
_ 239py(n. F
1079 - ot u(n, F)
—e— 24Py (n, F)
LB RLLLL ) LB RLLLL ) LB RLLLL ) LB RLLLL ) LB RLLLL ) LB RLLLL ) LB RLLLL ) LB RLLLL ) LB RLLLL ) LB RLLLL ) LB RLLLL ) LB RLLLL ) T T T

1007 107 10 107® 107 107 10°® 107* 10* 1072 107! 10° 10* 102
Neutron energy (MeV)

Figure 2.20: Neutron induced fission cross sections for 232Th, 231 Pq, 233U, 235U, 238 [J, 237 Np,

239 py, 241 Py, From |ENDF [2022].

2.3.3 Induced fission with high-energy incident hadrons and photons

As can be seen from Figure (2.20]), induced fission for incident photons not only happens
for thermal (E < 1 eV) or epithermal (1 eV < E < 0.1 MeV) neutrons but it can also
occur for fast (0.1 MeV < E < 10 MeV) and even high energy (E > 10 MeV) neutrons.

Other high-energy incident hadrons, like protons, or photons can also induce fission, see
cross sections from Figure (2.21)).
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Figure 2.21: FEvaluated and experimental high-energy protons and photons induced fission cross
section. From|ENDF [2022) and EXFOR [2022).
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Induced fission with fast neutrons is a key principle in fast neutron reactors [Status of Fast
Reactor Research and Technology Development 2013].

2.3.4 Spallation processes

A spallation reaction is a combination of different nuclear reactions observed in astro-
physics, cosmic ray physics, geophysics, radiotherapy, radiobiology, and at all applications
together with accelerators. Spallation refers to inelastic nuclear reactions that occur when
particles with enough kinetic energy, for example, protons, neutrons, pions (or hadrons in
general), interact with an atomic nucleus producing rich and abundant radiation of many
different particles such as neutrons, protons, pions, muons, electrons, photons, charged
particles, and neutrinos [Filges et al., 2009].

The spallation reaction can be seen as a combination of the following nuclear reactions:

1. A combination of two body collisions between the incident particle and nucleons or
also known as intranuclear cascade.

2. High-energy induced fission and/or collective distribution of the incident energy over
the target nucleus.

3. FEwvaporation-decay processes.

Each nuclear process will generate characteristic energy and angular distributions of the
particle fluences.

Intranuclear cascade is understood as two body collisions because the associated wave-
length of the incident particle is shorter than the size of the nucleus and, in general terms,
it can be thought that the incident particle can effectively see each nucleon. Moreover, the
stricken nucleon will not have enough time to distribute the energy received over the whole
nucleus in a first stage. Anyway, there will be some energy transfer from this stricken nu-
cleon to the whole nucleus. From the previous argument, it is understood that intranuclear
cascades do not form a compound nucleus. The result of the intranuclear cascades are the
ejection of nucleons or small groups of nucleons, which usually have directional angular
distributions and high energies (up to the energy of the incident particle producing the
intranuclear cascade).

Some of the stricken nucleons could induce high-energy fission instead of leaving the nu-
cleus, producing different energy and angular distributions of the emitted radiation.

On the other hand, from the sum of the transfers of the already ejected nucleons or group
of nucleons to the whole nucleus, the nucleus can reach a very high excited state which
can decay with the emission of fast or evaporation neutrons, protons, alpha particles, light
heavy ions, etc. After the evaporation, the resulting nucleus may still be radioactive and
may emit additional radiation.

Figure presents a comparison between the produced unit energy distribution of the
neutron fluence generated by thermal induced fission and the produced unit energy dis-
tribution of the neutron fluence generated by a spallation target.
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Figure 2.22: Spallation neutron energy distribution compared to a typical neutron energy distribu-
tion from thermal neutron fission of 23 U. The spallation energy distribution is measured at 90°

from a finite 10 cm diameter by 30 cm long tungsten target bombarded by 800 MeV protons. From
\Filges et al. [2009].

On one hand, energy distribution of the neutron fluence originated from fission or evap-
oration processes tends to be isotropic and a physical peak appears around 1-10 MeV.
On the other hand, the energy distribution of the neutron fluence created by spallation
reactions, besides of containing the evaporation or fast peak, contains also a high-energy
peak whose center is highly angular dependent and it will also contain a tail extending
up to the energy of the incident particle. The high energy peak or intranuclear cascade
neutrons are angular dependent but forwardly emitted.

The epithermal and thermal part of the energy distribution of the neutron fluence are
dependent on the geometrical setting of materials around the measuring point rather than
directly dependant on the previous introduced physics. A brief summary of the physics

governing the thermal and epithermal neutrons is given in

Although there is no clear separation of spallation from the lower energy nuclear reactions
(an energy threshold), one type may merge into the other as the energy of the incident
particle increases [Filges et al., 2009] and is natural to accept that reactions of the kind
(p,xn + etc) or (n,xn + etc) are coming from spallation reactions. Keep in mind that
fission induced reac