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Abstract

The nucleus absorbs photons with an energy ranging from 10 to 30 MeV, result-
ing in the relative displacement of neutrons and protons included in the nucleus and
leading to nucleon emission. Data of photon-induced nucleon emission, called pho-
tonuclear reaction, are important for developing nuclear reaction models, designing
radiation shielding, analyzing radiation transport, and evaluating the dosimetry of
radiotherapy in various applications of electron accelerators. Thus far, data of pho-
tonuclear reactions were obtained for calculating the (v,xn) reaction cross section
through numerous experiments with different photon sources. Recently, the energy
spectrum of neutrons and its angular distribution are obtained for an Au target at
a photon energy of 17 MeV. The data show a large amount of low-energy isotropic
neutron emission and a small amount of high-energy anisotropic neutron emission.

The energy and angular distributions of photoneutrons should be taken into ac-
count in the shielding design of electron accelerators. Experimental data of the
photonuclear reaction for describing the cross section with the emitted particle en-
ergy and angular distribution, called the double differential cross-section (DDX), are
scarce. DDX enables not only the evaluation of the nuclear data library used in ra-
diation transport but also the development of its physics model. Thus, the DDXs of
photoneutrons should be measured for various target materials and incident photon
energies. The objective of this thesis is to establish a methodology for measuring
the DDXs of photoneutrons, conduct systematic data acquisition of the DDXs, and

study the impact of the data on the shielding design of electron accelerators.



In this research, beams of linearly polarized monoenergetic photons were pre-
pared at the BL-01, NewSUBARU facility (Spring-8, Japan) by using the laser
Compton scattering (LCS) technique. The photons were generated by the collisions
of the laser photons with a wavelength of 1.064 ym and a beam of high-energy
electrons, the energy of which was adjusted to produce back-scattered photons with
maximum energies of 14, 17, and 20 MeV. The photons were collimated by lead
blocks before reaching a cylindrical target at its circular center. Targets were made
of "atPh, 197 Ay, natSpy, matCy, "atFe, and "Ti. Each target was separately placed on
the pathway of the collimated photons. Owing to the photonuclear reactions, neu-
trons were generated in the target. Surrounding the target, neutron detectors filled
with an organic liquid scintillator were placed to detect neutrons. An event-by-event
data acquisition (DAQ) system was assembled with the time-of-flight (ToF') function
to determine the neutron energy, and the pulse shape discrimination (PSD) function
was applied to distinguish neutrons and background photons. The raw data were
stored in a Linux computer and interpreted using C++ and the ROOT framework.

The DDXs of photoneutrons were determined by normalizing neutron yield with
the number of incident photons on the target, attenuations of photons and neutrons
in the target, neutron detection efficiency, number of target atoms, and solid angle.
Neutron events were selected using the PSD parameter, which was the ratio of the
tail integral to the total integral. Neutron energy was determined by the ToF that
was obtained as a sum of the photon flight time from the target to the detector
and the time difference between the neutron data and the target scattered photon
peak. To evaluate the number of incident photons, the number of counts in the
plastic scintillator placed upstream of the target was used with the consideration
of its photon detection efficiency. Using Monte Carlo calculations, the attenuation
of incident photons in each target was determined by taking the ratio of the aver-
age track length of the photons to the target thickness. The photoneutrons were

attenuated when they penetrated through the target, and the neutron attenuation



was calculated. The neutron detection efficiency was determined by combining the
results of a 22Cf neutron measurement and SCINFUL-QMD code.

The calculation results of DDXs for Pb, Au, Sn, Cu, Fe, and Ti targets were
obtained using Monte Carlo code, Particle and Heavy Ion Transport code System
(PHITS), the nuclear data library, and the cascade exiton model. All the results did
not express the angular distribution of the photoneutron. All three DDX results were
taken into account for the abundances of isotopes in the targets, the width of the
incident photon energy within 14 MeV - 17 MeV, and the neutron energy resolution
of the experiment. In general, the DDX spectra produced by these calculations of
Pb, Au, or Sn were comparable below 4 MeV and different above 4 MeV because
of the consideration of the pre-equilibrium process in JENDL and CoHj but not
PHITS; the calculated DDXs of Cu, Fe, and Ti were comparable.

The experimental results of DDXs of photoneutrons were obtained for Pb, Au,
Sn, Cu, Fe, and Ti targets at polar angles of 30°, 60°, 90°, 120°, and 150° and an
azimuthal angle of 90° for 14, 17, and 20 MeV linearly polarized photons. Two com-
ponents were observed in all the DDXs: one component had a Maxwellian tail shape
and mainly occupied the energy range of 2 — 4 MeV, while the other component had
a non-Maxwellian shape and mainly occupied the energy range above 4 MeV. To
determine the energy to separate these two components, the Maxwellian tail-shaped
component was fitted with a Maxwellian distribution, which can be explained by the
evaporation process of low energy neutrons. To discuss the angular distribution of
the photoneutrons, the angular differential cross sections (ADXs) were obtained for
each component as a function of the angles of the incident photons and the emitted
neutrons. The angular dependence of the neutrons in the Maxwellian-shaped and
non-Maxwellian-shaped components could be well expressed by the fitting function
ADX(©)=a+bcos(20). The anisotropy parameter in the Legendre polynomial ex-
pansion, as, had been used to compare the angular distribution. I calculated the ay

parameter using a and b and compared it with other experiments. The numerical



values of a; in Ti and Sn targets were obtained for the first time in the present study.
The ay values in Cu and Fe were consistent with the results obtained in previous
studies, while the a, values of Pb and Au were smaller than the previous results.

The target mass dependence of the photoneutron spectrum indicated that the
magnitude of the photoneutron spectrum decreases with decreasing target mass
number. The obtained cross sections for the (v, xn) reaction were calculated for each
component corresponding to oy, (Maxwellian-shaped component) and oyon—Max
(non-Maxwellian-shaped component) and fitted as a function of AY/3. The ratio of
OMax. 10 Ogum (sum of two components) and that of opon_Max. 10 Ogum Were calculated
to discuss the contribution of each component to the photoneutron spectrum. For
Ti, Fe, and Cu, the contribution of the Maxwell-shaped component was larger than
that of the non Maxwellian-shaped component according to the values of o. On
the order hand, for Sn, Au, and Pb, the contributions of the two components were
comparable, at approximately 50% of the photoneutron spectrum.

The dependence of the photoneutron spectrum on the photon energy was dis-
cussed based on data of the DDXs of "7Au(y,xn), ®*Cu(v,xn), and " Ti(y,xn) for
14 MeV, 17 MeV, and 20 MeV incident photons. Typically, a magnitude of the pho-
toneutron spectrum increase with a higher photon energy. The Maxwellian-shaped
and non-Maxwellian-shaped components were observed for all three photon ener-
gies. The separation energy to distinguish the two components for the three photon
energies was 4.2 MeV, which was determined by fitting the Maxwellian distribution
for the DDX data. For the data of Ti obtained with 20 MeV photons, the maximum
DDX value was at H90 and the minimum at V90, which is opposite to the trend
obtained with 17 MeV photons. Angular differential cross sections (ADXs) were
obtained for the components. The ADX of Au for both the components decreases
with increasing photon energy. For Cu, the ADX of both the components increases
with increasing photon energy, while the total cross section of the (v,xn) reaction

decreases. For Ti, the ADX values sharply increase with increasing photon energy,



especially for the non-Maxwellian-shaped component. The ratio of the ADXs ob-
tained with different photon energies was calculated to discuss the change in each
component with increasing photon energy.

The effect of the photoneutron spectrum shape on the shielding calculation was
studied by considering the leakage dose rate using PHITS code for Pb(y,xn) with
17 MeV incident photons. The geometry for this concrete shielding calculation was
a simple sphere. The thickness of shielding concrete was varied from 0 cm to 180 cm.
Two neutron spectra that is a Maxwellian-shaped spectrum and an experimental-
based spectrum consisting of Maxwellian and non-Maxwellian components, were
applied for the shielding calculations. After penetrating the shield, the neutrons
of the non-Maxwellian-shaped component lose their energy and cause differences in
the lower energy range with increasing shielding thickness. The result shows that
the dose could be underestimated by a factor of almost 2.5 with increasing shielding
thickness if we use only the Maxwellian-shaped spectrum for shielding calculation.
The underestimation will be mitigated in an actual shielding design that was per-
formed for bremsstrahlung unpolarized photons because the result was obtained for
horizontally polarized photons, which yield the maximum non-Maxwellian-shaped

component.
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Chapter 1

Introduction

1.1 Photonuclear reactions and their importance

A photonuclear reaction consists of two main processes: the absorption of an
incident photon in a nucleus and the emission of one or more secondary particles from
the nucleus. There are several theoretical mechanisms to describe each process. For
photon absorption in a nucleus, this section focuses mainly on the energy range up to
150 MeV. For energy less than 150 MeV, the photon absorption is mainly described
by giant dipole resonance (GDR) and quasi-deuteron (QD) nuclear modelings, which
are described in the following paragraphs. For photon energy above 150 MeV,
which is the energy threshold for the production of pions, more complicated nuclear
modeling is required.

Among the processes used to describe photoabsorption, GDR is the most intense.
In GDR modeling, the photon, as an electro-magnetic wave, interacts with the
whole dipole moment of the nucleus. The probability of photon absorption by GDR
corresponds to the wavelength of the photon (or its energy). The probability peaks
when the wavelength of the incident photon is approximately equal to the size of
the nucleus. The width of this resonance peak is a few MeV. Outside of this region,

the probability of GDR is negligible. This process was described in detail by Bohr
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and Mottelson [1].

The energy threshold to enhance the resonance depends on the nucleon’s binding
energy, which corresponds to the atomic mass number (A) of the nucleus: with a
photon energy of approximately 20 MeV, the GDR occurs in light nuclei (A < 30),
and in the photon energy range of 14-18 MeV, the GDR occurs in medium and
heavy nuclei (30 < A < 100). In heavy nuclei, the GDR mainly leads to the (v,
n) reactions and the (7, 2n) reactions with higher photon energy. In these heavy
nuclei, the Coulomb force barrier (B~Z2A~'/3 MeV) is higher than the GDR energy;
hence, the cross-section for the (v, p) reactions is very low. On the other hand, in
light nuclei, in which the Coulomb barrier is lower, the probabilities of (v, n) and
(v, p) reactions are almost equal to each other [2; 3].

The QD modeling can be described as the interaction of an electro-magnetic wave
with the dipole moment of a QD, which is a neutron-proton pair in the nucleus. The
probability of photon absorption by a QD is less intense compared to one by GDR;
however, QDs still contribute at in all energies of incident photons. The model has
been described in Reference [1].

After photon absorption, secondary particles (e.g., proton, neutron, deuteron,
tritium, 3He, alpha, or a combination of these) are emitted from the nucleus. The
nucleus also emits ~-rays if it is not in the ground state after the emission of sec-
ondary particles. The emission of secondary particles can be conceptualized by the
pre-equilibrium and equilibrium processes.

In the equilibrium process, the energy of incident photons is absorbed and dis-
tributed to the particles. The particles are “boiled” and tend to escape from the
nucleus after penetrating the nuclear potential barrier, as in evaporation. This po-
tential barrier includes the Coulomb potential; thus, for heavy elements, neutrons
are preferentially evaporated because they are not affected by the Coulomb barrier.
In a classical sense, the particles evaporated from this process have an isotropic

angular distribution [5].
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For the pre-equilibrium process, a particle receives a large amount of energy
originating from the photoabsorbtion and escapes from the nucleus. The particles
emitted this process should be characterized by a higher energy distribution. Equi-
librium and pre-equilibrium processes have been studied with detailed theoretical
calculations and comparisons with experimental data [0, 7, &].

Photonuclear reactions play important roles in a wide range of applications,
such as (i) radiation shielding, radiation transport analyses, and the calculation of
dose rate; (ii) activation analysis based on high-energy photons; (iii) nuclear waste
transmutation to convert long-lived fission products to short-lived nuclei [9]. A
database of photonuclear reactions is required in these applications. In this thesis,
I will mainly focus on the effect of photonuclear reactions on the radiation shielding
of electron accelerators.

According to Reference [10], in 2016, there were about 900 electron linear accel-
erators operated in hospitals in Japan, and electron acceleration energies ranging
from 6 to 15 MeV were used in cancer therapy. These accelerated electrons induce
highly energetic bremsstrahlung photons when the electron beam strikes surround-
ing objects in the accelerator such as shielding walls and magnets. These photons
are harmful to the human body; thus, radiation shielding is important when con-
structing an accelerator. However, via photonuclear reactions, secondary particles
can be produced when these photons penetrate and interact with the materials used
in the components of accelerators and shielding.

These photons with energy above 8 MeV interact with human tissues and produce
secondary particles (a, n, p, d, t, and *He) through photonuclear reactions. The
list of reactions was reported in Table 1 of Reference [11], and the contributions to
absorbed dose were presented in Figure 1 of Reference [12].

In particular, it is much more difficult to shield neutrons than to shield other
particles, and neutrons can activate the surrounding material. As shown in Figure

1.1a, the increase in the bremsstrahlung yield depends on the atomic number of the
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material and the electron energy [13]. Figure 1.1b indicates that the neutron yield

increases with increasing electron energy and target mass number [13].
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on various targets [13].
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1.2 Simulation of photonuclear reaction

In accelerator and shielding design, particle transport is simulated using the
Monte Carlo method. The Monte Carlo simulation code can be used to estimate the
shielding ability of the material and the thickness required for reducing the hazards
of radiation particles such as protons, neutrons, alpha particles, and gamma-rays.
Photonuclear reactions are described in the simulation code based on theoretical
models and photonuclear reaction data libraries. The succeeding sections present the
simulation of a photonuclear reaction in Monte Carlo codes, the evaluated nuclear

library, and nuclear models of photonuclear reactions.

1.2.1 Monte Carlo code

In this section, two Monte Carlo simulation codes are described, the Particle and
Heavy Ion Transport code System (PHITS) and Monte Carlo N-Particle Transport
Code (MCNP6), which are widely used in many applications.

Nuclear reactions are simulated in PHITS using theoretical models and nuclear
data libraries. The theoretical models used for the calculation of nuclear reactions
are the Liege Intranuclear Cascade model (INCL 4.6) [11] followed by the generalized
evaporation model (GEM) [15] implemented in PHITS. The interaction of neutrons
is calculated using the nuclear data library for energy below 20 MeV. In cases where
data are not available in the library, it is calculated based on the physics models.

The total cross-sections of photonuclear reactions, which are implemented in the
PHITS, are obtained from JENDL/PD-2004 [16]. However, JENDL/PD-2004 was
released with only 68 nuclides for energies from threshold to 140 MeV. If the data
is not available in JENDL/PD-2004, the cross-section is estimated using Lorentzian
equation in PHITS [17].

The photonuclear processes are implemented in MCNPX. Previous studies have

reported the cross section, spectra, and implementation of photonuclear processes
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[18, 19]. For transport applications in MCNPX, the nuclear data of photonuclear
reactions were evaluated using the GNASH code system, and the GDR and QD
models for photoabsorption were taken into account in the calculations. The emis-
sion of secondary particles and gamma rays from the nucleus were calculated using

the pre-equilibrium theory and Hauser-Feshbach theory [20].

1.2.2 Evaluated photonuclear data library

An evaluated photonuclear data library is a digital file containing cross-section
data as well as the production cross-section, energy, and angular distributions of
the emitted particles. The library is created based on experimental data, nuclear
reaction theory, and reaction models.

Users often rely on raw photonuclear data, primarily reaction cross sections from
different measurements. The evaluation of nuclear reaction data consists of several
systematic steps. These include a bibliographic compilation, and a compilation of
experimental data, followed by a critical analysis of the measurement techniques
used, together with evaluation based on theoretical nuclear reaction modeling. In
the past, several laboratories, mainly LLNL Livermore (USA), CEA Saclay (France),
and MSU Moscow (Rusia), have reported a large body of experimental data. These
data were partly compiled into the internationally available computerized library
EXFOR. Evaluation methods are required for photonuclear data because it is dif-
ficult to develop a complete photonuclear data file on the basis of measured cross
section alone. These data were often from different kinds of photon sources, caus-
ing significant systematic discrepancies, and there is a lack of data in a number
of important cases. Nevertheless, recent developments both in methods to resolve
experimental discrepancies and in nuclear reaction theory are promising for us in
the generation of evaluated photonuclear data.

The evaluation of nuclear data for photonuclear reactions was carried out by

Japan Atomic Energy Agency. JENDL photonuclear data file 2004, called JENDL /PD-

-7 -



1.2. SIMULATION OF PHOTONUCLEAR REACTION Chapter 1

2004, was released in March 2004 and contained the photonuclear data for 68 nuclides
with an incident photon energy of up to 140 MeV [16]. The nuclear data were evalu-
ated using theoretical calculation based on statistical nuclear reaction models. Thus
far, the file has been updated to JENDL/PD-2016.1, which includes 2681 nuclei and
an incident photon energy of up to 140 MeV [21]. The updated version provided
reaction cross section, cross sections for secondary particle production, and double-
differential cross sections (DDXs) of particles emitted by photonuclear reactions and
emitted y-rays.

In addition to JENDL/PD, the TAEA-2019 photonuclear data library is the latest
library addressing the reaction cross section, energy, and angular distribution of
secondary particles. The latest version of [AEA-2019 introduced improvements with
new evaluation using new experimental data from the EXPOR database (up to the

cut-off date of April 2019) [9].

1.2.3 Nuclear reaction models

Nuclear reaction models play a significant role in producing an evaluated nuclear
data library. In particular, it is necessary for reproducing the energy and angular
distributions of particles emitted through nuclear interactions because of the lack
of experimental data. CCONE [22], EMPIRE [23], and CoHj [21] are example of
codes used in computing nuclear interactions. Here, CCONE and CoHj codes are
introduced because they are used in JENDL/PD-2016.1 and TAEA.2019.

The computer code system CCONE was developed by JAEA for generating the
JENDL/PD, which is a part of the JENDL project. The CCONE code can provide
not only the cross section of a nucleon-induced reaction but also particle emission
spectra, angular distributions, and so on by taking into account the emission of
multiple particles such as photoneutron, photoproton, deuteron, triton, helium-3,
alpha particle, and photon in addition to fission. high-energy photons excite the

target nucleus through the GDR and QD disintergration mechanisms. Subsequently,

-8 -
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the secondary particle emissions were reproduced through a pre-equilibrium exciton
model and the Hauser-Feshbach model for pre-equilirium and equilibrium processes
[21].

CoHjs is used to compute nuclear reactions at relatively low energies. The CoHj
code was designed based on a development of the Hauser-Feshbach code and a
new optical model. The CoHj code is not used to produce an evaluated nuclear
data library owing to the limited energy for nucleon-induced reactions, 100 MeV
[9, 24]. The pre-equilibrium exciton model employed in the various reaction models
(CCONE and CoH3) is different; thus, the pre-equilibrium components of the sec-
ondary particles reproduced in different codes are different [9]. In this work, I study
the photoneutron as a secondary particle emitted via a photonuclear reaction; thus,
the status of experimental data on photoneutrons is reviewed in the next subsection.

Typically, reaction cross sections were successfully reproduced by evaluated pho-
tonuclear data libraries. These data libraries were benchmarked with the experimen-
tal data set obtained with various photon sources including bremsstrahlung, quasi-
monoegenetic photons and polarized photons (laser Compton scattering photon).
Figure 1.2 shows a sample comparison of photoneutron cross sections of JENDL/PD-
2016 and TAEA-2019 with experimental data. Here, the data at NewSUBARU were
obtained with polarized photons. The TAEA-2019 data are comparable with the
NewSUBARU data. The JENDL/PD-2016 data are lower than the IAEA-2019
data and the experimental data obtained at NewSUBARU.

The energy spectrum of the photoneutron produced via photonuclear interac-
tion was mainly generated using nuclear reaction codes. These codes employed the
exciton model and the Hauser-Feshbach statistical model to calculate the energy
spectrum. Here, a difference in the exciton models occurred because the exciton
codes were implemented in different nuclear reaction codes; thus, the energy spec-
trum cannot be compared. The energy range was close to the GDR range in which

the compound nucleus decay dominates, yielding an isotropic evaporation spectrum,
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Figure 1.2: Comparison of photoneutron cross sections between the evaluated
(JENDL/PD-2016) and experimental data for '*La(v,2nX) [9].

and all the codes expressed this part similarly [9].

The angular distribution of photoneutrons emitted via the pre-equilibrium pro-
cess with a high incident photon energy has not been generated in an evaluated
photonuclear data library [9].

Today, with the development of electron accelerators and laser techniques, po-
larized photons can be generated. Only the EMPIRE code used in TAEA-2019
evaluated the new data obtained with polarized photons. The evaluation was per-
formed on data of the photoneutron reaction cross section for 3Co, 3V, 193Rh,
159, 165Ho, 1%9Tm, and '®'Ta. These reaction cross sections were measured with

polarized photons in the GDR region [9].
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1.3 Status of experimental data on photoneutrons

In the 1950s, photoneutrons were measured in many experiments using various
photon sources [25, 26, 27, 28, 29, 30, 31, 32]. These experiments yielded not only
reaction cross sections, but also the energy spectrum and angular distribution of
photoneutrons. From previous studies, the energy distribution of photoneutrons
emitted in the evaporation process was predicted following the Maxwell distribution
[30]. However, high-energy neutrons generated by pre-equilibrium processes are still
being studied. Figure 1.3 shows the photoneutron spectrum of the pre-equilibrium
process on 2%Pb. In Reference [25], Mutchler measured the neutron spectrum using
15 MeV and 14 MeV bremsstrahlung photons and the time-of-flight (ToF) tech-
nique. A difference spectrum was determined by subtracting the spectrum obtained
at 14 MeV from that at 15 MeV. He determined the high-energy photoneutron

spectrum for 2%Pb by subtracting the Maxwellian fitting shape from the difference

spectrum.
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Figure 1.3: High-energy photoneutron spectrum for 2%Pb [25].

The angular distribution of photoneutrons was studied by previous studies previ-

ously [25, 26, 27, 28, 29, 30] using bremsstrahlung and quasi-monoenergetic photons.
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The angular distribution of evaporation photoneutrons was isotropic, while that of
photoneutrons emitted in a pre-equilibrium process was anisotropic [33]. The ToF
technique and the activation detectors 2*Si(n,p) and 2"Al(n,p) were employed to
detect photonneutrons. Using the activation detectors with detection thresholds
of 6 MeV and 4 MeV, the anisotropic photoneutrons emission was obtained. The
angular distribution of the anisotropic photoneutron was expressed by A + Bsin?(6)
with the polar angle, 6, between directions of the incident photon and detector. The
anisotropy parameter B/A was reported for medium-heavy nuclei, for instance, as
shown in Figure 1.4 [27]. These experiments were performed with bremsstrahlung
and quasi-monoenergetic photons. However, these photon sources contained disad-
vantages such as a huge background, continuous spectrum, and low intensity. The
anisotropy parameter was obtained as an averaged value over the resonance.

With modern laser and accelerator technology, the laser Compton scattering
(LCS) technique provides a highly monoenergetic and fully polarized photon source,
which can be used for studying photonuclear reactions [34, 35].

By using LCS photons, Horikawa et al. conducted a study [30] to experimentally
verify the azimuthal angle (¢) anisotropy of neutron emission, predicted by Agodi
[33], in three nuclei. The anisotropy of the photoneutron angular distribution of
197Au as a function of a + bcos(2¢) is shown in Figure 1.5 [36]. Despite interesting

results, Horikawa did not obtain the energy spectra at different azimuthal angles.
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Figure 1.4: Experimental anisotropy, B/A, of fast photoneutrons obtained using
a 28Si(n,p) detector; the angular distribution was fitted by A+Bsin?(0) [27].
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In 2019, Kirihara et al. [37] studied the photonuclear reaction on a gold target
using 16.6 MeV linearly polarized LCS photons, and reported the energy spectra of
photoneutrons as well as their dependence on the polar and azimuthal angles, as
shown in Figure 1.6. This result was the first to show the energy distribution of
photoneutrons as a function of azimuthal and polar angles. The neutron spectrum
as reported in Reference [37] consists of two components: one is the evaporation
component, which is distributed in the low-energy range, and the other is the di-
rect component in the high-energy range [37]. Moreover, his work elucidated the

dependence of the direct component on the polarization of the LCS photons.
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Figure 1.6: Neutron energy spectrum of T Au(v,xn) with various polarizations of
the LCS photons [37].
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1.4 Motivation for this study

As discussed in section 1.3 in relation to the current status of experimental data
on photoneutrons, interesting results have been obtained with polarized monoener-
getic photons [36, 37]. The findings in Reference [37] indicated that a polarization
of photons causes anisotropic photoneutron emission, as shown in Figure 1.6. How-
ever, the current nuclear reaction models do not take into account the polarization
of photons when reproducing photoneutrons.

For the design of electron accelerators, information on the energy and angular
distributions is highly important in radiation shielding calculation. Thus, the cur-
rent Monte Carlo code, evaluated nuclear data, and nuclear reaction models should
be tested for the distributions. The systematic measurement DDX data is quite

necessary for this purpose. However, no data are available on DDX at present.
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1.5 Objective of this study

This thesis aims to measure the DDX of photoneutrons of the (,xn) reaction to
(i) reveal the nature of the reaction, (ii) establish the systematic data acquisition of
the DDX, and (iii) study its impact on applications.

Recently, monoenergetic polarized photon beams have been identified to have
the following advantages: (i) a high intensity of approximately 2x10° photons/s,
(ii) a narrow energy width of a few percent of the full width at half maximum [9],
and (iii) the polarization of the photons. Thus, monoenergetic polarized photons are
employed in this research as a potential photon source to provide new experimental
data.

For the experiment, I used the monoenergetic linearly polarized photon beam
at NewSUBARU BL-01 and the ToF technique. The photoneutrons were obtained
using NE213 neutron detectors placed at six laboratory angles.

The experiment aimed to measure the DDX of the (,xn) reaction on several tar-
gets including common shielding material such as Pb, Au, Sn, Cu, Fe, and Ti. The
target mass dependence of photoneutron was discussed though the DDX data ob-
tained using 17 MeV polarized photon. In addition to the target mass dependence,
a measurement was performed to discuss the photon energy dependence of the pho-
toneutrons through the DDX data. The photon energies were used 14, 17, and
20 MeV. Moreover, through the DDX data, the following interesting issues related
to the photoneutron were addressed: (i) The angular distributions of photoneutrons
are parameterized to compare with the previous data for checking consistency. (ii)
In order to understand the current status of photoneutron production in particle
transport simulation, the DDXs were compared with that from Monte Carlo code,
evaluated nuclear data files, and a nuclear reaction model. (iii) The impact of
anisotropic high-energy neutrons observed in the experimental neutron spectrum in
shielding calculation was demonstrated through the calculation of the leakage dose

for a simple shielding structure.

17 -



Chapter 2

Experiment

To experimentally study the neutrons produced by photonuclear reactions, ex-
periments were conducted at the NewSUBARU facility in Hyogo, Japan to measure
the DDX of photoneutron production. In this chapter, I will introduce the experi-
mental setup, together with explanations of the LCS technique, neutron detectors,
targets, electronic system for the measurement of neutron energy as well as back-
ground subtraction, and calibration experiment. This chapter supports the analysis

method presented in chapter 3 of this thesis.
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2.1 NewSUBARU experiment

2.1.1 Laser Compton scattering photons

The LCS technique was employed to generate linearly polarized monoenergetic
photon beams. In the LCS technique, high-energy photons are produced from the
collisions of high-energy electrons and low-energy laser photons. Figure 2.1 illus-
trates the LCS technique. The laser photons from the oscillator are guided to the
electron ring by mirrors to cause collisions. The linear polarization of the LCS is

determined by the polarized laser photons.

I Laser oscillator

photon energy Fy

Electron Ring

Experimental area

Laser electron photon

Shield wall l energy Zy

Figure 2.1: Production of laser electron photons at NewSUBARU, Hyogo, Japan

[35].

The maximum photon energy is observed at a scattering angle of 180°, which is
the angle between the laser photons and backscattered photons, as expressed below
[38]:

E, max & 47°E,, (2.1)
where
E, max : is the maximum energy of backscatterd photons;

7 : is the Lorentz factor, which is calculated as v = (1 — v?/c?)~/2 with the

electron velocity v; and
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E, : is the energy of laser photons.

The energy of the LCS photons is determined by the energies of the laser photons
and electrons. The intensity of the LCS photons is proportional to both the laser
photon intensity and electron beam current.

Table 2.1 lists the parameters of the laser system, electron energy, and maximum
(Max.) LCS energy at NewSUBARU. The maximum LCS energy produced using
the NdYVO, system is 39.1 MeV.

Table 2.1: Parameters for the generation of LCS photons.

Electron energy [GeV] 1.0-1.5
Laser wavelength CO, | NdYVO,
[pm)] 10.59 | 1.064
Max. LCS energy [MeV] | 4.02 39.1

In this study, a 982.4 MeV electron beam was injected in the storage ring. The
electrons were circulated at energies of 892.6 MeV, 982.4 MeV, and 1068.8 MeV in
the storage ring, which was operated in the single bunch mode. Incident photons
with a wavelength of 1.064 um were generated by a 20 W NdYVO, laser system
and guided to the electron storage ring’s straight section. In order to generate the
14 MeV and 20 MeV LCS photons, the electron beam was operated in the decay
mode. For producing the 17 MeV LCS photons, the electron beam was operated in
the top-up mode. The laser system was synchronized with the bunch of electrons to
optimize the collision rate. The laser photons were backscattered and accelerated
upon collision with the electrons in the storage ring.

The factor 492 in Equation 2.1 is the amplification factor, which depends on the
energy of the electron beam. In this experiment, electrons were separately circulated
at different energies, resulting in different amplification factors and different maxi-
mum energies of LCS photons (E, 1ax) to be used for investigating the dependence

of photoneutron production on LCS energy (section 5.4).
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2.1.2 Experimental setup

In this study, I performed two experiments at the BL.-01 NewSUBARU facility.
In the first experiment, the photoneutrons from the (v,xn) reactions with 17 MeV
photons on Pb, Au, Sn, Cu, Fe, and Ti targets were measured at six angles. In the
second experiment, the photoneutrons from the reaction on Au, Cu, and Ti targets
were measured with 14 MeV, 17 MeV, and 20 MeV photons.

A schematic of the experimental setup is shown in Figure 2.3. A \/2 wave plate
was placed after the laser generator’s output to make the LCS photons horizontally
polarized, with respect to the floor. The collision point of the NdYVO, laser with
the electrons was where the LCS photons were produced. The photons scattered
at 180° were guided to optics Hutch 2 via optics Hutch 1 of BL-01 NewSUBARU.
The width of the high-energy photon beam was controlled by two sets of collimators
placed before optics Hutch 1 and Hutch 2, and the inner collimators’ diameters
were 3 mm and 2 mm, corresponding to C1 and C2 in Figure 2.3, respectively.
Through numerical simulation, the energy width of the photon beam was evaluated

as £0.2 MeV (x10), as shown in Figure 2.2. In Hutch 2, the detectors were set
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Figure 2.2: LCS photon spectrum obtained from simulation [37].
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up to evaluate the rate of LCS photons and measure the neutrons produced from

photonuclear reactions.
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Figure 2.3: Overview of the BL-01 NewSUBARU facility.
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Figures 2.4 and 2.5 show the setup of a target and detectors in Hutch 2 for the
first experiment. In addition, Figure 2.6 shows the setup for the second experiment.
The difference between the two experimental setups was in the number of neutron
detectors employed to detect photoneutrons. Small neutron detectors were added in
the second experiment; however, the photoneutrons detected by the small neutron
detectors are not reported in this thesis.

When the LCS photons entered Hutch 2, they were transmitted through a plastic
scintillator, the thickness and surface area of which were, respectively, 0.5 ¢cm and
5x5 cm? functioning as a monitor of LCS intensity before the photons approached
the target. Prior to data acquisition, a silicon pixel imager was placed at the target
position to confirm the alignment and spot size of the LCS beam. LCS photons
passing through the target were dumped on a cylindrical 15.04%x12.5' cm Nal(T1)
detector placed 211 cm downstream of the target. This Nal(Tl) detector was used
as an LCS beam absorber as well as a beam intensity monitor for beam preparation.

Only a fraction of the LCS photons interacted with the nuclei inside the tar-
get via photonuclear reactions. The irradiation of the target produced secondary
particles. The secondary particles were charged particles (electron, positron, pro-
ton, or alpha particles) and neutral particles (neutron or photon). The neutrons
induced by photonuclear reactions in different targets were the main object in this
study. These neutrons approached the cylindrical detectors filled with the organic
liquid scintillator NE213 (a product of Nuclear Enterprises Ltd., U.K., or equiva-
lent). These neutron detectors were prepared with both a diameter and thickness
of 12.7 ecm and placed in positions surrounding the target. The NE213 scintillator
was filled in a cylindrical aluminum container with 1-mm thickness at the side and
bottom surface and a 13-mm-thick Pyrex glass window at the other bottom sur-
face allowing the transmission of scintillation photons from the NE213 scintillator
to the photomultiplier tube (PMT). To study the angular dependence of neutron

production, these detectors were placed at 150°, 120°, 90°, 60°, 30° (horizontally),
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and 90° (vertically) with respect to the direction of the incident LCS photon beam.
The six detectors were mounted on a mechanical support made from aluminum, as
shown in Figure 2.5. Table 2.2 presents the labels, angles, and distances of 6 neutron
detectors from the target for two experiments. The distances between the centers
of the target and each neutron detector were determined so that the ToF method
could be applied to determine the neutron energy. The 0 in Table 2.2 represents the

angle between the directions of the incident LCS photons and the emitted neutrons.

Hatch shield

(concrete)

Lead
Plastic scintillator

\

Figure 2.4: Experimental setup. The LCS photon beam passed through a plastic
scintillator (drawn in red), approached the target, and produced photoneutrons
detected by six NE213 detectors (drawn in white color) surrounding the target.
One Nal(T1) detector (drawn in green) was used as a photon absorber and beam
intensity monitor in beam preparation.
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Figure 2.5: Photograph of the first experimental setup in Hutch 2, NewSUBARU,
BL-01 facility.

Figure 2.6: Photograph of the second experimental setup in Hutch 2, NewSUB-
ARU, BL-01 facility.
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Table 2.2: Labels, angles, and distances from the target to the centers of 6 neutron

detectors.

Flight path [cm]
Detector label 0[°] 15 experiment 2" experiment
H150 150 (horizontal) 86.35 93.65
120 120 (horizontal) 75.85 72.75
H90 90 (horizontal) 65.35 68.15
H60 60 (horizontal) 74.35 75.25
H30 30 (horizontal) 93.85 97.65
V90 90 (vertical) 86.85 86.25

The target was made of different materials, including "*'Pb, Au, "#'Sn, "#Cuy,

natFe, and "Ti, and each material was separately placed on the pathway of the LCS

beam for measurement. The targets mainly include the materials used in radiation

shielding ("**Pb, "*Sn, **Cu, " Fe, and "*'Ti), and the measurement with the Au

target is included because it consists of a single isotope. The target’s thicknesses

ranged from 1 to 4 cm depending on the attenuation of LCS photons and the yield

of neutrons. The calculation of the LCS photon attenuation will be presented in

section 3.5. A diameter of 1 cm was chosen considering the accuracy of the target

alignment and the LCS beam spot size. Table 2.3 presents the materials, diameters,

thicknesses, photon attenuation factors and purities of the targets used in this study.

Table 2.3: Materials, diameters, and thicknesses of targets.

Target | Diameter | Thickness | Photon attenuation factor | Purity
[em] [cm)] 14 MeV 17 MeV 20 MeV | [%]
natpt, 1.0 1.0 0.73 99.99
197 Ay 1.0 1.0 0.51 0.60 0.62 99.99
natSn 1.0 2.0 0.69 99.99
natCu 1.0 2.0 0.75 0.71 99.99
nat e 1.0 2.0 0.80 99.50
naty 1.0 4.0 0.78 0.79 99.90
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2.1.3 Data acquisition system

The photonuclear reactions on the targets produced different types of secondary
particles, including neutrons, 7-rays, and charged particles. The charged parti-
cles could not reach the NE213 neutron detectors because of their short ranges.
Therefore, each NE213 neutron detector detected not only neutrons but also y-rays
produced in the target. Those v-rays were the background. An event-by-event data
acquisition (DAQ) system was assembled with the ToF function to measure the neu-
tron energy and with the pulse shape discrimination (PSD) function to distinguish
neutrons and ~-rays. The neutrons at higher energy traveled the same distance for
a shorter time, and the ToF technique enabled the measurement of traveling time
from the target to the neutron detector, which was then used to determine the neu-
tron energy. The difference in interactions of neutrons and ~v-rays on the NE213
scintillator resulted in the different pulse shapes, corresponding to neutron and -
ray events, output from the PMTs. The PSD technique allowed the separation of
neutrons and 7-rays. The difference between the pulses of neutrons and ~-rays was

in the tail parts. Figure 2.7 shows an example taken from Reference [32].
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Figure 2.7: Pulses of different radiations obtained upon interaction with an organic
scintillator [32].
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A schematic diagram of the DAQ system for each neutron detector is shown
in Figure 2.8. There were two main parts: the upper part was set up to measure
the pulse height distribution as well as PSD, and the lower part was used for the
ToF measurement. Each signal formed at the PMT anode of the NE213 detector
was divided into three small signals using signal dividers (Div): two signals were,
respectively, utilized for total-charge and tail-charge integration by using a charge-
to-digital convertor (QDC: Nikiglass A3200), and the remaining signal was used to
create a trigger. The remaining signal was fed into a constant-fraction discrimina-
tor (CFD: ORTEC 935), which generated a timing signal. The timing signal was
fed into a four-fold-one-veto module (4F1V: Technoland N-TM 103), together with
the demultiplied radio-frequency (RF) signal, to create a coincidence trigger. This
coincidence trigger was fed to a gate generator (GG: Kaizu works 1500) to output

a gate signal with a pulse width of 400 ns.
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Figure 2.8: Schematic diagram of the data acquisition system.
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Figure 2.9 shows the pulse processing for PSD using the DAQ system. The
QDC integrated the total and tail charges from two divided signals, which were,
respectively, delayed by 120 ns and 60 ns by using cable delay modules (Delay:
Repic with fixed delay) within 400 ns.

The DG353 output signal was used for enabling the laser emission, and coin-
cidence trigger, together with the signal from each NE213 detector, for ToF mea-
surement. The signal was prepared from the RF signal used for controlling electron
bunches in the storage ring, with the frequency reduced by 1/19800 times with a
demultiplier (17K66A) to match the operating frequency of the laser generator and
a delay applied for the coincidence trigger at the 4F1V module using DG353 (Stan-
ford Electronics). The coincidence signal from the 4F1V module and the delayed
beam signal were, respectively, fed as start and stop signals to the time-to-digital

converter (TDC: Nikiglass A3300).

NE213 —If

Delay =tail (ch1QDC) w
60ns e
( ) e, tail — = tail/total: for PSD
60ns integral
Delay — => total (ch0QDC) _
(120ns) =) / T
signal
integral
CFD g = Enable GG
J = ForTOF
Gate Generator ___ 400ns  —
for integration

Figure 2.9: Pulse processing for PSD.

Figure 2.10 shows the pulse processing for the ToF method. After a laser photon
was generated, it traveled a distance of Ly in time L;/c to reach the collision point.
After the laser photon is backscattered at the collision point, the LCS photon trav-
eled a distance of Ly before approaching the target. After interaction at the target,

the neutron was slower than the photon, and the traveling time of the photon from
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the target (t,) to the neutron detector can be obtained from the flight path. To
determine the traveling time of the neutron from the target to the neutron detector,
I computed the time difference between the photon and neutron t,,_, = T, - T,, by
using a delayed RF signal. The traveling time of the neutron is t, = t, + t,_.
The QDC and TDC modules were based on the Versa Module Europa (VME)
standard. They could be accessed from a VME controller connected to a computer

running in Linux (Linux PC).
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- lxlflg,acc
Demultiplier

output J
Laser trigger IJ
LCS generate -
L,/c J
LCS on target : .
: L/ t.
prompty —> €
detect NE213 At L) T,
n detect NE213 j
At, =T,
DG353 output ‘ ’ ' I
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Figure 2.10: Pulse processing for the ToF method. L; is the distance from laser
to the the collision point in Figure 2.5. Ly is the distance from the collision point to
the target. At, and At, are the traveling times of v-rays and neutrons, respectively,
from the target to the NE213 detector.
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2.2 Detection efficiency determination

2.2.1 2°2Cf fission neutron measurement

Before measuring the photoneutrons with the LCS photons, the neutron detec-
tion efficiency was determined using a 2*2Cf neutron source. The experimental setup
shown in Figure 2.11 was used to measure fission neutrons from the 252Cf source, the
radioactivity of which was 3.7 MBq. The source was placed at the target position,
and six neutron detectors were placed at the same positions as in the photonuclear
measurements mentioned in section 2.5. The spontaneous fission of ?*2Cf emits
prompt y-rays and neutrons. A plastic scintillator was placed on the 22Cf source
to detect the vy-rays as a trigger, and the six neutron detectors detected neutrons.
In the ToF measurement, the stop signal was the trigger signal generated by the

plastic scintillator detector.
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Figure 2.11: Experimental setup for 2°2Cf measurement.
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Figure 2.12: Neutron and gamma events measured from 252Cf.

Using the PSD technique, neutron events were distinguished from gamma events,
as shown in Figure 2.12a. This separation was realized by determining the ratio of

light outputs for slow and total gates, which will be explained in section 3.3.1.
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Figure 2.12b shows the neutron and gamma time spectra obtained using the PSD
and the ToF techniques. Neutron events in the range of 6000 ch — 7100 ch are fission
neutrons from the Cf source. Neutron events observed in the range below 6000 ch
could be scattering neutrons. Finally, using the PSD and ToF techniques, the fission
neutron spectrum was obtained without considering the neutron detection efficiency,
as shown in Figure 2.13. This demonstrates that the DAQ and detector system can
be employed to measure the photoneutrons. Moreover, these spectra will be used in

section 3.7 to determine the neutron detection efficiency.
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Figure 2.13: Neutron spectra obtained by the six detectors for the 2°2Cf neutron
source.
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2.2.2 Measurement of gamma sources

The ~-rays of 37Cs, %°Co, and #*Na standard sources were used to determine
biases for analyzing data. Table 2.4 lists the values of high voltages that were
applied to the NE213 detectors and Compton edge channels for 37Cs, #?Na, and
60Co. Figure 2.14 displays the Compton edges and Compton peaks obtained on the
H150 detector as blue and red dotted lines, respectively. The Compton edges were
determined by multiplying the value of the channel corresponding to the Compton
peak and the f-factor, as indicated in Table 2.5 [39, 10]. The Compton edge was
located through the following procedures: (i) determine the maximum counts at
the Compton peak; (i) multiply this count value with the f-factor, where the result
was the count at the Compton edge channel; and (iii) locate the channel where the
count is equal to the count obtained in step (ii); this channel was determined as the

Compton edge.

Table 2.4: Values of high voltages applied to NE213 detectors and Compton edges
(in ADC channel) of *"Cs, ®Co, and ?*Na.

Detector label | High voltage | Compton edge [ch]
V] 1370 | 22 Na | 0Co

H150 - 1700 316 596 | 660
H120 - 1800 341 654 726
H90 - 2790 202 315 337

H60 - 2250 175 323 354

H30 - 1900 291 507 554
V90 - 2800 283 482 | 525

Table 2.5: Values of Compton edges (in MeVee) and f-factors of 37Cs, ®Co, and
2Na.

Gamma source | Compton peak [MeVee] | f-factor
B7Cs 0.5 0.449
%0Co 1.06 0.303
2Na 1.15 0.768
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Figure 2.14: '37Cs, ?2Na, and %°Co spectra used for determining Compton edges.
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2.3 Preparation of data acquisition runs

2.3.1 Collimator alignment

To collimate the photon beam at the center of the target, collimators C1 and C2,
as shown in Figure 2.3, were set at positions with values of X and Z for two experi-
mentss which are reported in Table 2.6. The positions of C1 and C2 were selected
to maximize the number of LCS photons obtained on the Nal(Tl) detector. This
was to verify that the intensity of the LCS photons was the highest. A silicon pixel
imager, MiniPIX (AVACAM, model MNXTXS-XPx181116), was placed behind the
target to confirm the spot of the LCS photon beam. The setup for measuring the
spot is displayed in Figure 2.15.

Table 2.6: Positions of collimators C1 and C2.

X [mm] | Z [mm]

1st experiment

C1 -11765 -14200
C2 -1741 -14005
2nd experiment

C1 4055 -31416
C2 -3186 -13877

Figure 2.15: Setup for measuring the spot of the LCS photon beam.
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Figure 2.16 shows the spot of the LCS beam without a target, where the gray
color indicates the profile of the beam. Figure 2.17 illustrates the spot of the LCS
beam obtained after placing a target, 1 cm in diameter, on the holder. The shadow
region was a scan of the target. The two spots were scanned by the MiNiPIX imager

as mentioned above.

A column number

L L ]
] 2025 4450 G675 aann

Figure 2.16: Profile of the LCS beam without a target.

column number,

1 1 ]
0 22883 45765 BEG4E 4163

Figure 2.17: Profile of the LCS beam with a target.
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2.3.2 Timing adjustment

To adjust the timing for the DAQ, an RF signal (508 MHz) was reduced by using
the 17K66A module. The reduced signal (25 kHz) was guided to the DG535 module
to be delayed for triggering the DAQ and laser system. The DG535 module provides
four delay output channels, A, B, C, and and D. Timing adjustment is expressed in
Figure 2.18, and value of T, 85 ns, was set in the DG535 module. Numerical values
of the delay time, At,, Atg, Atc, and Atp, are reported in Table 2.7. Signals from
the B and D channels were used to trigger the laser system and create a stop signal

for ToF measurement, respectively.

RF
508 MHz
17K66A
25 kHz
Y
DG535
\— T/ !
| A=T+Ata C=T+At !
: :
: B=A+Ats D=C + Atp E
A
Laser system ToF stop signal

Figure 2.18: Timing adjustment for the laser system and ToF measurement.

Table 2.7: Values of delay time in ns unit.

Delay time [ns] | Aty | Atg | Ate | Atp
15" experiment | 367 | 700 | 2420 | 100
274 experiment
14 MeV 3420 | 0 | 5020 | O
17 MeV 3460 5020
20 MeV 34201 0 5020 O

@]
]
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2.3.3 Calibration of NalI(Tl) and the PLS detectors

The LCS photons were counted using Nal(Tl) and plastic scintillator (PLS)
detectors. Figure 2.19 shows spectra obtained using the Nal(T1) and the PLS de-
tectors. Measurements were performed with different powers and different currents,
(0.9 W; 2.85 mA) and (23.8 W; 30 mA). To reduce the intensity of the LCS pho-
tons approaching the Nal(T1) detector, a lead block 10 cm in thickness was placed
behind the PLS. Red spectra indicate the pulse height spectra containing the sum
of events from the LCS photons, bremsstrahlung photons (Brem), and background
(BG). Events from bremsstrahlung photons and background are displayed in ma-
genta, and those from background only are displayed in black. The red spectra were
obtained under the operation of the laser system and storage ring. To observe the
magenta spectrum, the laser system was turned off. The red spectra obtained with
(30 mA; 23.8 W) indicate that the number of LCS photons was significantly higher
than that obtained with (2.85 mA and 0.9 W). These statistics were sufficient for

photoneutron measurement.
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Figure 2.19: Spectra measured using the Nal(T1l) and PLS detectors.
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2.3.4 Data acquisition runs

Table 2.8 and Table 2.9 present information on the beam current, laser power,
and measurement time for each data acquisition run in two experiments. Data
acquisition for each target using 17 MeV photons was performed for the time periods
reported in Table 2.8 and Table 2.9. For 14 MeV and 20 MeV, data acquisition was
performed 2 or 3 times to obtain sufficient statistics because the beam current was

not stable under the operation of the storage ring in decay mode.

Table 2.8: Laser power, beam current, and measurement time for the first experi-
ment using 17 MeV photons under operation in the top-up mode.

Target | Current [mA] | Power [W] | Time [min]
Pb 30.0 23.5 125.30
Au 30.0 23.5 120.74
Sn 30.0 23.5 119.71
Cu 30.0 23.5 119.51
Fe 30.0 23.5 119.52
Ti 30.0 23.5 120.21

Table 2.9: Laser power, beam current, and measurement time for the second
experiment.

Target | Current [mA] | Power [W] | Time [min]

E,=14 MeV, decay mode

Au 23.21 24.27 59.97

23.10 25.00 60.00
E,=17 MeV, top-up mode

Au 25.16 23.50 113.19

Cu 25.10 23.50 53.49

Ti 25.26 23.50 90.01
E,=20 MeV, decay mode

Au 22.91 23.7 18.52

22.71 23.7 89.30

22.71 24.0 74.35

Cu 23.40 24.5 59.05

22.74 24.0 60.00

23.03 23.9 60.00

Ti 23.04 24.0 60.00

23.01 24.0 60.00

22.67 23.5 60.00
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Data analysis

After the data acquisition runs described in Chapter 2, the data set was stored
in a Linux PC with the file format of the A3x00 system. In this format, the data set
includes both neutron and gamma events which were stored in the QDC and TDC
modules. Each module consists of 16 channels. This data set was analyzed event by
event.

In this chapter, the analysis of the experimental data set is presented in the
following sections:

3.1 Overview of data analysis

3.2 Correction of walk effect

3.3 Neutron energy and resolution
3.4 Number of LCS photons

3.5 Photon attenuation

3.6 Neutron attenuation

3.7 Detection efficiency

3.8 Uncertainties

3.9 Comparison of DDX data obtained from both experiments
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3.1 Overview of data analysis

The DDXs of photo-neutrons were obtained from the following equation:

B0 YE)E) .

dEAQ  N-(r-¢) Q- (E) - AE’ ‘
N = j}:; (3.2)
- ) (3.3)

where

Y(E) is the neutron counting spectrum, £ is the neutron energy [MeV],

A is the atomic mass number of the target [g/mol],

r is the radius of the target [cm| and equal to 0.5 cm,

m is the weight of the target [g],

N4 is Avogadro number 6.023x 10% [mol ™!,

7 is the factor of the attenuation of the LCS photon in the target,

¢ is the number of LCS photons,

a is the diameter of the front surface of the neutron detector [cm] and equal to
12.7cm,

1 is the distance between the target and the center of the detector [cm] as pre-
sented in Table 2.2,

£(F) is the neutron detection efficiency,

AF is the energy bin width [MeV] (It was 0.4 MeV in the analysis of the 14 MeV
and 17 MeV data and 0.8 MeV in the analysis of the 20 MeV data), and

n(E) is the neutron attenuation factor.

Table 3.1 lists the parameters of A and m used in this study.

The methods used to determine the neutron energy F, the neutron spectrum
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Y(E), the attenuation factor of LCS photons in the target 7, the number of LCS
photons ¢, the neutron detection efficiency ¢(F), and the attenuation factor of

neutrons inside the target n(E) are discussed in the following sections.

Table 3.1: Values of A and m for Pb, Au, Sn, Cu, Fe, and Ti targets.

Target | A [g/mol] | m [g]
natpr, 207.2 9.0
197 Ay 196.96 15.19
natSn 118.71 11.47
natCu 63.54 14.17
natFe 55.84 12.49
naty 48.86 14.08
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3.2 Correction of walk effect

In the present study, timing information is very important to determine the
ToF of neutrons as well as their energy. Discriminators are usually employed in
accelerator-based experiments to provide timing information. When discriminators
receive an input signal, a logic signal is generated from the discriminators. In the
case of leading-edge discriminators, the logic signal is output when the amplitude
exceeds a threshold. The timing of the logic signal depends on the amplitude of the
input signal, and the timing variation is referred as the walk effect. To improve the
timing resolution of the system, the walk effect should be corrected. In References
[11, 12], the walk of a leading-edge discriminator was measured as a function of pulse
height, and it was found that walk corresponds to the square root of pulse height.

In this experiment, I used a constant fraction discriminator (CFD), which can
minimize the walk effect to 100 ps for an input-signal dynamic range of 100:1;
however, the walk effect is worse for a higher dynamic range [13, 44]. Heilbronn et
al. [15] applied a correction method in offline analysis, which is similar to References
[11, 12], to minimize the walk effect in CFD in a neutron time-of-flight spectroscopy.

Heilbronn corrected time-of-flight of photons by using the following function:

Tpeak = a1 — AgeXp (%> (3.4)
Q

where aq, as, and a3 are fitting parameters; Q is equivalent to the pulse charge
measured by the QDC; and T)q is the value measured by the TDC. The corrected
function is used to correct data from neutron events. In this thesis, I followed a
procedure similar to Heilbronn et al.’s method. Figure 3.1 shows the fitting for
QDC data and TDC data obtained using Equation 3.4 for the detector at V90. The
data for the other detectors were also fitted as the V90 data. The data of the gamma
peak were used for fitting.

Figure 3.2a illustrates the walk effect on the data of TDC channels obtained
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in this experiment. Some events at 6530 ch were shifted. Figure 3.2b illustrates

the data of TDC channels after applying correction using the fitting parameters in

Table 3.2.
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Figure 3.1: Fitting of the experimental data for correcting the walk effect. The
red line is the fitting curve obtained using Equation 3.4.

Table 3.2: Fitting parameters for the correction of the walk effect for six detectors
in the two experiments.

15" experiment 274 experiment

Detector ag an as a; Ao ag
H150 6708.757 | 24.785 | 12.505 | 6577.235 57.251 7.500
H120 7495.828 | 717.450 | 0.904 | 14798.385 | 8096.661 | 0.114
H90 6676.564 | 3.424 | 32.146 | 9621.562 | 3029.906 | 0.111
H60 6735.408 | 54.002 | 3.299 | 6336.705 1.877 40.043
H30 6542.247 | 4.468 | 35.251 | 6209.892 6.594 31.346
V90 6556.295 | 14.099 | 22.167 | 8010.763 | 1686.416 | 0.187
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Figure 3.2: Data at H30 before and after correction of walk effect.
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3.3 Neutron energy spectrum and its resolution

3.3.1 Neutron-gamma separation using PSD

As mentioned in section 2.1.3, the PSD method was employed to separate neutron
and gamma events. With the DAQ system setup described in section 2.1.3, both
the charge integrals in the tail part and the whole signal were measured. In order
to distinguish neutron and gamma events, data of light outputs of slow and total
gates and TDC channels were used in this analysis. The PSD parameter was the
ratio of the tail integral to the total integral. Table 3.3 lists the numerical values
of PSD parameter and range of TDC which were used to analyze the data obtained

on the six detectors in the two experiments.
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Figure 3.3: Neutron-gamma separation for the Pb target. The neutron and gamma
events were detected in the H60 detector, and the energy bias was 0.25 MeVee.
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Table 3.3: The numerical values of PSD parameter and TDC channel used to
separate neutron-gamma for the 6 detectors.

1%¢ experiment 274 experiment

PSD TDC PSD TDC

Detector label | parameter [ch] parameter [ch]
H150 0.5 -0.75 | 5500 < ch < 6500 | 0.5 -0.75 | 4300 < ch < 6000
H120 0.5-0.75 | 5700 < ch < 6500 | 0.34 — 0.75 | 4700 < ch < 6500
H90 0.5—0.75 | 5800 < ch < 6500 | 0.4 —0.75 | 4700 < ch < 6200
H60 0.46 — 0.75 | 5500 < ch < 6500 | 0.44 — 0.75 | 4400 < ch < 6000
H30 0.5 -0.75 | 5300 < ch < 6400 | 0.5 -0.75 | 3700 < ch < 6000
V90 0.5 -0.75 | 5400 < ch < 6400 | 0.5 - 0.75 | 4150 < ch < 6000

Figure 3.3 shows a two-dimensional plot of the PSD parameters as a function of
TDC channel for the H60 detector. The vertical axis is the PSD parameter. Owing
to the difference in the tail region, the neutron and gamma events were separated
well. On the horizontal axis, the TDC channel corresponds to the traveling time of
neutrons or y-rays from the target to one NE213 detector. A similar explanation for
the difference between neutron and gamma events in TDC channels can be found
in the description of Figure 3.4 in section 3.3.2. Using the three parameters i.e., the
light outputs of slow and total gates and TDC channel, the separation of neutron
and gamma events was performed well. The gamma events in the PSD range of

neutron events were completely removed using the TDC data.
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3.3.2 Neutron energy by ToF method

The TDC spectra of neutron and gamma events detected by the H60 detector

are shown, respectively, by red and blue lines in Figure 3.4. By using the PSD
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Figure 3.4: ToF spectra of neutrons and gamma rays for the Pb target. The ToF
spectra for neutron and gamma events were measured with the H60 detector at an
energy bias of 0.25 MeVee.

parameter defined in the previous section, I could construct individual time spectra
for neutrons and v-rays. The different speeds of v-rays and neutrons in air lead to
the different maximum TDC positions of the gamma and neutron ToF spectra.
The time resolution of the ToF system, which was determined by measuring
the full-width at half-maximum (FWHM) of the prompt-gamma peak, ranged from
0.82 ns to 0.95 ns, and from 0.72 ns to 0.82 ns for the six detectors in the first
and second experiment, respectively. The difference between the FWHM values

was due to the time resolution of the electronic circuit, time fluctuation of neutron
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emission from target. For the H60 detector, the peak rising up at TDC channel
6450 of these gamma events was attributed to the backscattered photons at the
Nal(T1) scintillator. Similar peaks at approximately TDC channel 6450 were found
in other detectors. From the ToF and flight path, which is presented in Table 2.2,
the spectrum of the neutron energy, E,,, can be obtained by converting time of flight

spectrum as follows:

E.(x) = Moc2<ﬁ 1), (3.5)
b= VH(EX) - c.TI:(X)’ (3.6)
M,oc® = 939.573 [MeV], (3.7)

where,
L is the flight path length (m),
V() is the neutron speed (m/ns),
¢ is the speed of light or 0.29978 (m/ns), and

T, (x) is the ToF of neutrons (ns).

Energy resolution was determined through the partial differentiation of Equation

3.5, which yielded Equation 3.8 [16, 17]:

AE 1 OE OE

- = _ ~7)2 2 —)2 2

= E'\/<6L> ALZ+ (502 AT, (3.8)
AE  E+M*  p° \/AL2 AT,
E- B 1-3 ()7 + ()2 (3.9)

The AT originates from (a) the LCS beam pulse width, (b) time fluctuation of
neutron emission from the target, and (c) time resolution of the electronic circuit.

The AL originates from (d) the target thickness and (e) detector thickness. The
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width of the y-peak in Figure 3.4 includes (a), (b), (¢), and (d). To include (e) for
neutrons, the time difference between neutrons and v-rays for half of the detector

thickness, 0.127/2 m, is included.

\/(%)Q—I— (%)2 ~ \/(ATT’Y)Q_{_(ATTd)Q _ %\/m’ (310)

ATd:%~( - —1), (3.11)

where

ATy: flight time of neutron for half thickness of detector.

T: time of flight of neutron [nsec], was obtained as a sum of the gamma flight
time and the time difference between the neutron data and the prompt v peak.

AT, : FWHM of gamma peak. It was been determined by fitting Gaussian

o
[nsec].
R: half of detector thickness 0.127/2 [m]

Figure 3.5 shows the neutron energy resolution, which was calculated using Equa-

tion 3.8.
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Figure 3.5: Energy resolution for the six detectors in the first experiment.
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3.4 Number of LCS photons

The number of LCS photons on the target was obtained with the consideration of
the detection efficiency of the PLS (¢). The PLS’s detection efficiency was obtained
using the Electron-Gamma Shower (EGS5) code, which is a Monte Carlo simulation
tool [18]. In this simulation, a monoenergetic photon source was incident on the
PLS, and the PLS was sandwiched by two aluminum foils with thicknesses of 48 pm,
on the upstream and downstream surfaces. The distance from the LCS generation
point to the PLS was 23.5 m. The calculation was conducted with and without air
between the LCS generation point and PLS.

Figure 3.6 displays the energy deposition on the PLS calculated using EGS5.
The lines in Figure 3.6 are results of the calculation for 14 MeV, 17 MeV, and
20 MeV photons with geometry including air, and the circle-lines are those of the
calculation without air. During the propagation of the photon beam to the PLS,
the photon beam interacts with the air and produces electrons and positrons; thus,
the lines show two peaks in the spectra.

The number of LCS photons, ¢, was determined using a PLS, the detection effi-
ciency of which was obtained from the simulation result obtained with the following
procedure. Figure 3.7 and Figure 3.8 display the calculated energy deposition com-
pared with the experimental data for 14 MeV and 17 MeV photons in the acquisition
run for Au and Ti targets, respectively. The pulse-height channels of the experi-
mental data were calibrated using a peak at 0.9 MeV and a slope above 2 MeV. The
red lines are energy spectra obtained using the EGS5 calculation, which accounted
for the energy resolution values and are compared with the experimental data. The
energy resolution, 8 %, was applied to each energy bin of the calculation spectra.

The photon counting efficiency was determined to be (0.68 + 5)% from the
integration of photons with deposition energies greater than the energy threshold
of 0.5 MeV. The uncertainty of the counting efficiency was 5 % because it includes

EGS5 simulation uncertainty and the experimental uncertainty. The efficiency was
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used to determine the number of LCS photons for data acquisition runs of each

target.
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Figure 3.6: EGS) calculation for the deposition energy of photons on PLS.
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Figure 3.7: Experimental and calculated pulse height distribution for 14 MeV

photons.
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Figure 3.8: Experimental and calculated pulse height distribution for 17 MeV
photons.
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Table 3.4 reports values of the LCS photon intensity (¢) for 14 MeV, 17 MeV,
and 20 MeV photons. The values for 17 MeV photons are approximately equal to
10%, while they are about 10* for 14 MeV and 20 MeV photons. The difference is
because the current of the electron beam operated in the top-up mode for producing
the 17 MeV LCS photons was much more stable than that for producing the 14 MeV
and 20 MeV LCS photons. In order to generate the 14 MeV and 20 MeV LCS
photons, the electron beam was operated in the decay mode, and data acquisition
runs were conducted 2 — 3 times to obtain sufficient statistics of the photoneutrons.

Details on the data acquisition runs were presented in section 2.3.4 and Table 2.9.

Table 3.4: Number of LCS photons determined by the EGS5 calculation and the
experiment on PLS for 14 MeV, 17 MeV, and 20 MeV photons.

¢ [photon/s] ¢ [photon/s]

1%t experiment 274 experiment
Target 17 MeV 14 MeV 17 MeV 20 MeV
natph 2.0x10°
197 Au 2.09x10° 3.66x10* 1.48x10° 4.05x10*
natSn 1.10x10°
natCu 1.99x10° 1.37x10° 3.97x10*
natFe 1.88x10°
nat g 1.95x10° 1.44x10° 4.3x10%
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3.5 Photon attenuation

The number of LCS photons attenuated as the photons penetrated the target.
To compensate for the attenuation, a compensation factor was determined by using
the PHITS version 3.16 Monte Carlo simulation tool [19]. With the known material
and dimensions of each target, PHITS was used to obtain the average track length
of 14 MeV, 17 MeV, and 20 MeV incident photons, and the factor 7 was determined
by taking the ratio of the average track length of photons to the target thickness.
The values are listed in Table 3.5.

In the simulation, a pencil beam of photons was shot into a cylindrical target.
The beam direction was along the target thickness, and the beam was indicent
on the target at its circular center. After interaction with the target material by
penetrating through a certain distance inside the target, the photon energy was
changed. The average track length was calculated by taking the sum of the distance
divided by the total number of incident photons. The contribution of secondary
particles after interaction was small because the main interaction of the photons
was electron-positron pair production, and its energy was below the threshold for

photonuclear reaction.

Table 3.5: Material and thickness of targets and photon attenuation factors for
14 MeV, 17 MeV, and 20 MeV photons.

Photon attenuation factor (1)

Target | Thickness [cm] | 14 MeV 17 MeV 20 MeV
natph 1.0 0.73

Au 1.0 0.51 0.60 0.62
"atSn 2.0 0.69
natCu 2.0 0.75 0.71
natFe 2.0 0.80

naty 4.0 0.78 0.79
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3.6 Neutron attenuation

Like the LCS photons, the photoneutrons emitted from the target attenuated as
they penetrating through the target to reach the NE213 detectors. The attenuation
factor of photoneutrons, n(E), depended on the neutron energy, target thickness,
target material, and detection angle.

The factor n(E) was determined as follows:

n(E) = , (3.12)

where Y4(E) and Y;(E) are, respectively, the energy spectra of neutrons after and
without passing through the target. The factor n(E) was calculated by considering
two geometries in the PHITS calculation. The first geometry is shown in Figure 3.9.
The distances from the target to the six detectors were listed in Table 2.2. The ge-
ometry was the same as the experimental setup. NE213 detectors were simulated as
cylindrical volumes without any material. The geometry contains air. The incident
neutron spectrum was the experimental neutron spectrum.

As the number of photoneutrons depends on the photon attenuation in the tar-
get, the distribution of the neutron source was considered following the exponential
distribution of the photon. Figure 3.10 shows the distribution of the neutron source
in the calculation of the n(E) for an Au target, 1 cm in thickness with 17 MeV
photons. The triangle points are values of the input data for initializing the neu-
tron distribution. The circle points are the values of the output data obtained from
calculation. This distribution was determined using the formula I = Ipe ™t where
p is the mass attenuation coefficient in cm?/g and t is the thickness of the target in
g/cm?. The value of y depends on the energy of photons and the target material.

In the first calculation, the neutron spectrum source passed through the target

and travelled to the cylinders. The neutron spectrum obtained on the cylinder was

Y4(E).
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For the second geometry, the neutron spectrum is basically the same as in the
first geometry. The only difference is the absence of any target material in the

second geometry. The neutron spectrum was Y;(E).

i__ijvgo

target

LCS direction

H150//§.~“' 7; H30
H'lZOO ’ @HGO

H90

Figure 3.9: Geometry used for the calculation of n(E).
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Figure 3.10: Distribution of the neutron source initialized in calculation by using

the photon attenuation for 17 MeV photons in an Au target. Black points show
data from the output of the calculation, and red triangles indicate input data.
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Figure 3.11, Figure 3.12, and Figure 3.13 show values of n(E) for an Au tar-
get 1 cm in thickness for 14, 17, and 20 MeV photons, respectively. The values
ranged from 0.9 to 0.95, and the attenuation of neutrons at H30 was the largest at

approximately 0.1.
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Figure 3.11: Neutron attenuation factors for Au using 14 MeV photons.
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Figure 3.12: Neutron attenuation factors for Au using 17 MeV photons.
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Figure 3.13: Neutron attenuation factors for Au using 20 MeV photons.
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For a Pb target with 17 MeV photons, as shown in Figure 3.14, n(E) ranged
from 0.95 to 1.0, and the minimum value was at H30. These n(E) values are greater
than those for the Au target.

Figure 3.15 shows values of n(E) for a Sn target using 17 MeV photons. The
n(E) at H30 and H150 are approximately 0.94 — 0.96, while the values at H60, H90,
H120, and V90 are approximately 0.97 — 0.99.

In the case of Fe, the difference in the values is large. These values are shown in
Figure 3.16. The values at H30 and H150 ranged from 0.89 to 0.95. On the order
hand, the values at H60, H90, H120, and V90 ranged from 0.94 to 1.0.
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Figure 3.14: Neutron attenuation factors for Pb using 17 MeV photons.
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Figure 3.15: Neutron attenuation factors for Sn using 17 MeV photons.
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Figure 3.16: Neutron attenuation factors for Fe using 17 MeV photons.
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Figure 3.17 and Figure 3.18 show the values for a Cu target using 17 MeV and
20 MeV photons. For 17 NeV photons, the n(E) values at H30 and H150 were
approximately 0.87 — 0.94, while these values at H60, H90, H120, and V90 were 0.93
—0.99. In the case of 20 MeV photons, at H30 and H150, n(E) is approximately 0.9

—0.91, while that at other detectors is 0.94 — 0.96.
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Figure 3.17: Neutron attenuation factors for Cu using 17 MeV photons.
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Figure 3.18: Neutron attenuation factors for Cu using 20 MeV photons.
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The n(E) values for a Ti target with 17 MeV and 20 MeV photons are shown
in Figure 3.19 and Figure 3.20, respectively. These values at H30 and H150 were
approximately 0.93 — 0.94 for both 17 MeV and 20 MeV photons. The values at
other detectors were 0.97 — 1.0. In general, the n(E) at H30 was the lowest among

all the detectors for all the photon energies.

105 T T T T Hl50I o
Ti-4cm - 17 MeV photon H120 X
H90 [ ]
H60 O
1t H30 [ i
Voo &
ﬁgﬁgg%
m L] ]
= 095 s —
% _o
*Tie e
09 _
085 1 1 1 1 1
2 4 6 8 10 12 14

Neutron Energy [MeV]

Figure 3.19: Neutron attenuation factors for Ti using 17 MeV photons.

1.05 ' ' I R
Ti-4cm - 20 MeV photon {120  x
H90 u
H60 O
_ H30 1 d T
) voo 4
. s
- LI
Y o95te |
= O
® % 0 o6 6 6 o
0.9 F _
0.85 ' I I | I
2 4 6 8 o N ’

Neutron Energy [MeV]

Figure 3.20: Neutron attenuation factors for Ti using 20 MeV photons.
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3.7 Detection efficiency

The six organic liquid scintillation detectors have different histories. Half of
them were prepared 17 years ago for the Japan Atomic Energy Research Institute
(JAERI). The others were prepared 15 years ago for RIKEN and KEK. The liquid of
two detectors for JAERI were refilled 5 years ago. The RIKEN and KEK detectors
were opened to gauge the amount of liquid, and the filling ratio of each detector
varied from 80% to 100%, as shown in Figure 3.21. The ages and filling ratios of
the liquid scintillators result in different energy resolutions and detection efficien-
cies. Therefore, the calculation results obtained using SCINFULQMD code, the

theoretical calculation code for neutron detection efficiency, are not applied directly.

Figure 3.21: Liquid scintillator NE213 in neutron detector.

The spectrum of spontaneous fission neutrons of the 2°2Cf source was measured
using the ToF method, as described in section 2.2.1 to determine efficiency of low-
energy neutrons. Figure 2.13 compares the neutron spectra of all detectors without
considering detection efficiencies. Differences were observed in the magnitude (above
4 MeV) and in the shapes around their threshold. They may be attributed to the

differences in filling ratio and energy resolutions and should be compensated for using
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the experimentally determined detector efficiencies so that the efficiencies may be

applied to the photoneutron data.

3.7.1 [Efficiency for low-energy region

The neutron detection efficiency, £(E), was calculated as the ratio of the ex-
perimental data to the theoretical data. It is difficult to determine the neutron
detection efficiencies of the six detectors in the low-energy region by using the calcu-
lations alone because of the detector-dependent energy resolution in the low-energy
region. Therefore, each NE213 detector’s detection efficiency for energies <3 MeV
was determined using a 2*?Cf neutron spectrum measurement.

The relative detection efficiency was deduced by dividing the measured energy
distribution of fission neutrons with the NBS spectrum, as expressed by the following

function:

c(5) = o) (3.13)

where

N(E) is the spectrum evaluted by the members of the National Bureau of Stan-
dards (NBS spectrum),

C is a normalization factor determined by the ratio between the SCINFULQMD
[50] and National Bureau of Standards (NBS) spectra,

Y(E) is the measured neutron energy distribution of #*2Cf, and

e(E) is the efficiency of the detector.

The NBS spectrum was constructed based on eight differential spectrum mea-
surements. These measurements were performed between 1965 and 1974. The NBS

spectrum was expressed using Equation 3.15 based on Reference [51]:
i=5
N(E) = Z w(E) - Xer(E), (3.14)
i=1
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Xct(E) = 0.6672v/Eetaz, (3.15)

where
E energy in MeV,
ch(E) in Me\/‘l,

pai(E
E

denotes five line-segment corrections given as follows,
= 0.763 + 1.2E, 0<E<0.25 MeV,
pi(E

)
pi(E) =
(E)
i (E)
(E)
(E)

1.098 - 0.14E, 0.25<E<0.08 MeV,

0.9668 + 0.024E, 0.80<E<1.50 MeV,
pi(E

1.0332 - 0.0006E, 1.50<E<6.0 MeV,

E) = ¢ 003(E-60) 6.0 MeV<E< 0o

=

7

1><100 [ T T T T ]
i NBS spectrum ——— 1
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Figure 3.22: NBS spectrum was reproduced by Equation 3.15

The NBS spectrum created using Equation 3.15 is shown in Figure 3.22. In
order to determine the detection efficiency by Equation 3.13, the C factor should
be determined. Thus, the SCINFULQMD code was used to calculate the neutron

detection efficiency for the six NE213 detectors. In the SCINFULQMD calculation,
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distances from the neutron source to the NE213 detector were same as the values in
Table 2.2. The efficiencies were computed with a bias of 0.25 MeVee. Figure 3.23
indicates the SCINFULQMD efficiencies for the six NE213 detectors. These values
are consistent because the variation among the distances was small. However, the
six NE213 detectors were not identical; thus, the SCINFULQMD efficiencies should

be normalized with the experimental data before determining the C factors.
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Figure 3.23: Detection efficiencies of the six NE213 detectors computed using
SCINFULQMD with a bias of 0.25 MeVee.

Using the SCINFULQMD code, the corrected efficiencies for the six detectors
were obtained by multiplying the calculated efficiencies by the ratio of yield of
the fission neutrons. Figure 3.24 shows the SCINFULQMD efficiencies that were
corrected. The ratio was determined by assuming an efficiency equal to the SCIN-
FULQMD result for the detector labeled V90 (from KEK), which showed the highest
count rate, as shown in Figure 2.13. Table 3.6 lists the C-factors of the six detectors,
which were calculated by Equation 3.13. Here, €(E) is the corrected SCINFULQMD
efficiency, and Y(E) is the observed yield of the fission neutrons. These values of
the C-factors were applied to Equation 3.13 to determine the detection efficiency for

neutron energies lower than 3 MeV.
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Figure 3.24: Normalized results of the SCINFULQMD calculations for the six

organic liquid scintillator detectors.

Table 3.6: C-factors for determining the efficiency of the detectors.

Detectors | C-factors
H150 1.17E-02
H120 1.16E-02

H90 1.13E-02
H60 1.15E-02
H30 1.18E-02
V90 1.17E-02

A comparison of the efficiencies obtained from the ScinfulQMD calculation and

the 2°2Cf neutron spectrum measurements for the same detector show good agree-

ment for energies ranging from 3 MeV to 7 MeV. The comparison is shown indicated

in Figure 3.25. The efficiencies obtained from the 2*Cf neutron spectrum measure-

ments above 7 MeV varied because of low statistics. Below 3 MeV, the shape of the

efficiency curve determined from measurement was different from that obtained from

Scinful QMD because of the energy resolution, which should be taken into account

properly.
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1x10° ‘ ‘ ‘ : :
¥ *
" ***x*** *
IR LR Y e
M ‘*...§°"oo--o..;<
> [
Q
5 1
E 1x10 N
w
Detection efficiency of H30 det.
Corrected Eff. ScinfulQMD e
1x102 Qalculated Eff. with Cf measurement  x
X ! i ! | .

0 2 4 6 8 10 12
Neutron Energy [MeV]

(e) Detection efficiency of the H30 detector
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(b) Detection efficiency of the H120 detector
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(d) Detection efficiency of the H60 detector

1x10° ‘ ‘ ‘ ‘ —

® X
>
Q
5] 1
5 1x10™ ¢ 1
2
w *
Detection efficiency of V90 det.
Corrected Eff. ScinfulQMD e
. Calculated Eff. with Cf measurement — x
1x102 ! i ! | .

2 4 6 8 10 12
Neutron Energy [MeV]

(f) Detection efficiency of the V90 detector

Figure 3.25: Efficiencies obtained from the SCINFULQMD calculation and 2°*Cf
measurement.
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3.7.2 [Efficiency for high-energy region

The corrected efficiency from SCINFULQMD was applied directly to the detec-
tion of neutrons in the high-energy region above 4 MeV. These corrected efficiencies

are shown in Figure 3.24.

3.7.3 Efficiency results

In order to cover the entire energy region, the efficiencies obtained using the
calculation code for energies above 3 MeV and those obtained using the ?52Cf neutron
spectrum measurements for energies below 3 MeV were adopted. The above data
were determined for the first experiment of the photoneutron measurement. These
efficiencies were applied to the previous 2°2Cf neutron yield spectra to confirm the
variation among the spectra of the six detectors. Figure 3.26 shows the results of the
252Cf neutron energy spectra; the differences were successfully compensated, and the
difference between spectra was less than 10% for low energies. Additionally, these

spectra were consistent with the NBS spectra with the energy ranging from 0.8 MeV

to 8 MeV.
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Figure 3.26: Neutron spectra of the six detectors for a ?>2Cf neutron source after
mixture correction.
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The same method was applied to the second experiment. The detection efficiency
e(E) of the six NE213 detectors in both the experiments are shown in Figures 3.27,
3.28, and 3.29. As the efficiency is a function of neutron energy, the energy bin
was varied in the data analysis of the second experiment, and the efficiencies were

calculated for AE = 0.4 MeV and 0.8 MeV, as shown in Figures 3.28 and Figure 3.29.
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Figure 3.27: Neutron detection efficiencies used in analysis of 17 MeV photon for
the fist experiment.
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Figure 3.28: Neutron detection efficiencies used in the data analysis of 14 MeV

and 17 MeV photons in the second experiment.
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Figure 3.29: Neutron detection efficiencies used in the analysis of 20 MeV photons
in the second experiment.
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3.8 Uncertainties

As expressed in Equation 3.1, the uncertainty in the DDX value is affected
by different components. The uncertainties considered in this study are listed in
Table 3.7. They include the statistical uncertainty of neutron events detected in
each NE213 detector Y (E), the uncertainty in the number of LCS photons ¢, the
uncertainty in the solid angle €2, and the uncertainty in the efficiency of neutron
detection e(E). The statistical uncertainty of Y (E) was calculated by taking the
square root of the number of neutrons detected, and the values of each detector
ranged from 4.5% to 15%. The uncertainty of ¢ was determined by calculating the
statistics of the number of LCS photons while considering the energy resolution of
the PLS, and this value was evaluated to be 5%. The uncertainty in 2 was affected
by the detector position, and this value was 0.2%. The uncertainty in £(E) was
related to the accuracy of the SCINFUL-QMD code used in the estimation of the

detection efficiency, and this value was 5%.

Table 3.7: List of uncertainties and their corresponding numerical values.

Uncertainty [%0]
Statistics of neutron events (Y(E)) | 4.5-15
Number of photons ¢ 5
Solid angle 0.2
Detection efficiency (e(E)) 5
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3.9 Comparison of DDX data obtained from two
experiments

The goal of this section is to check the consistency of the DDX data of the
(7,xn) reaction on the Au target using 17 MeV photons which were observed in
both the experiments. The difference in the experimental setups was mentioned in
section 2.1.2. The DDX data at H150, H120, H90, V90, H60, and H30 were shown
in Figure 3.30 to Figure 3.35. The DDX data obtained in the second experiment are
greater than those obtained in of the first experiment. Figure 3.31 indicates that
the DDX data obtained in the second experiment are 1.3 times the DDX data at
H120. For H90, Figure 3.32 shows a large difference data of the two experiments.

This difference can be seen clearly in the neutron energy range of 7 — 10 MeV.

8
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Figure 3.30: DDX results of Au at H150 obtained in both experiments.

In the second experiment, small neutron detectors and lead blocks were added to
the first experimental setup. The small detectors were positioned 40 cm away from
the target. The lead blocks were placed near the PLS monitor to shield the photon

to neutron detectors. In addition, the positions of neutron detectors, labeled H150,
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H120, and H90, were quite close the lead blocks (these can be seen in Figure 2.6).
Thus, scattering neutrons from the background were able to contribute to the pho-
toneutron data. This could be studied using Monte Carlo calculation; however, such

a calculation has not yet been performed in my work and is a task for the future.
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Figure 3.31: DDX results of Au at H120 obtained in both experiments.

On the order hand, for the data at V90, the DDX data in the first experiment
were consistent with those in the second experiment, except for energies less than
3 MeV. Correspondingly, the data at H60 in the first experiment were also similar
to the data in the second experiment, while the H30 data showed slight differences
for neutron energies below 4 MeV. The DDX data for Cu and Ti are compared in

Appendix A.
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Figure 3.32: DDX results of Au at H90 obtained in both experiments.
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Figure 3.33: DDX results of Au at V90 obtained in both experiments.
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Figure 3.34: DDX results of Au at H60 obtained in both experiments.
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Figure 3.35: DDX results of Au at H30 obtained in both experiments.
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Chapter 4

Theoretical calculations and

nuclear data

In order to verify the accuracy of the theoretical model’s results and nuclear
data on DDXs, the photoneutrons were computed for the target materials studied
in Chapter 2 through Monte Carlo calculation, the evaluated nuclear data, and the
nuclear reaction model. The calculation of the DDX is presented in the following
sections:

4.1 PHITS code calculation

4.2 JENDL/PD photonuclear data library

4.3 CoHj code

4.4 Comparison of the raw DDX data from JENDL and CoHjy

4.5 Natural abundance of isotopes

4.6 Photon energy width

4.7 Neutron energy width

4.8 Comparison of DDXs from theoretical calculation and nuclear data
Subsequently, these DDXs will be compared with the experimental data in Chap-

ter 5.
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4.1 PHITS code calculation

In addition to the measured DDXs of the photoneutrons from the (,xn) reac-
tion, the DDXs are calculated by Monte Carlo transport simulation code, Particle
Heavy Ion Transport code System (PHITS) [52] version 3.20. PHITS can handle
the transport for neutrons, protons, electrons, and heavy ions using reaction models
and data libraries. For simulating a photonuclear reaction, the reaction cross sec-
tion from JENDL/PD-2004 [16] has been employed. Subsequently, a photoneutron
energy spectrum has been generated using GEM [15] for GDR region. Above this
region, the QD process is modeled using the intranuclear cascade (INC) model. The
DDXs were calculated using PHITS for Pb, Au, Sn, Cu, Fe and Ti targets. In this
section, the calculation results for Au are presented to check the target thickness
effect and angular distribution of neutrons. The results for the other targets are

similar to those for Au.
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4.1.1 Calculation geometry

The geometry considered in the DDX calculation in PHITS was the same as that
of the first experiment. The target was a thin cylindrical pill placed at the center
of the geometry. The NE213 detectors were simulated as cylinders having diameter
and thickness of 12.7 cm, without containing the NE213 material in their volumes
defined as the detection region. The distances from the target to the detection
regions were the same as those in Table 2.2. Figure 4.1 shows the geometry used
in the DDX calculation, where the green cylinders are the detection regions and a
yellow one is the target. The photon beam was simulated as a pencil beam traveling
from the left to right of the geometry.

The DDXs were determined using T-cross tally. Neutrons produced through the
(7,xn) reaction were counted in the detection regions. Subsequently, the DDXs were
calculated by normalizing the number of neutrons with the upcoming photon source,

the number of target atoms, and solid angle.

Figure 4.1: Geometry of the DDX calculation in PHITS.
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4.1.2 Target thickness effect

As discussed in section 3.5 and session 3.6, the attenuation of photons and
neutrons in the target affected the DDX results. Thus, to confirm the effect of
attenuation in the PHITS calculation, the DDX calculation was performed with the
same target diameter of 5 ym but different target thicknesses of 5 um, 1 c¢m, and
4 cm.

Figure 4.2 shows the DDX results from the PHITS calculation for Au targets
with the different thicknesses. The DDX for a thickness of 5 um is 2.7 times greater
than that of 1 cm and 5 times greater than that for 4 cm. These reductions are
caused by photon attenuation in the target. As shown in section 3.5, the attenuation
of photons was already corrected based on calculation. Therefore, a target thickness
of 5 ym was chosen in the subsequent DDX calculations without considering the

actual target thickness in the experiment.
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Figure 4.2: DDX data at different Au thicknesses. Black points are the DDX
results for an Au thickness of 5 um, red points are those for a thickness of 1 cm,
and blue points are those for a thickness of 4 cm.
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4.1.3 Angular distribution of neutrons

In the experiment, the neutron detectors were placed at different angles to mea-
sure the angular distribution of the photoneutrons. In the calculation, the green
detection regions at different angles, as shown in Figure 4.1, were used to account
for the angular distribution. Figure 4.3 displays the ratios of DDXs for an Au thick-
ness of 5 um at different angles to that at V90. The ratio ranges from 0.9 to 1.1 for
all energies below 6 MeV. The neutron emission of PHITS code does not show the

angular distribution of the photoneutron production.
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Figure 4.3: Ratios of DDX data for Au at H30, H60, H90, H120, and H150 to that
at V90.
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4.2 JENDL/PD photonuclear data library

The DDX data were extracted from the photonuclear data library with a Python
program [53]. The DDX data of target isotopes are combined to make that of natural
element with the abundance of isotope in each target. In addition, smearing was
applied to account for the effect of photon width and neutron energy resolution.

Subsequently, the DDXs will be compared with the experimental results in chapter 5.

Table 4.1 shows the natural abundance of isotopes in target material and the
reaction Q-value for each isotope. The dominant isotopes in the targets are 2°8Pb,

120G, 93Cu, 5Fe, and *®*Ti. The process of two-neutron emission is possible on

Table 4.1: List of isotopes and Q-values for the calculation for natural target
abundances in this study. The Q-values are quoted from Reference [50]

Q-value [MeV]

Isotope | Abundance [%] | (vy,n) | (7,2n)
206ph 24.1 8.1 14.8
207ph 22.1 6.7 14.8
208ph 52.4 7.4 14.1
197 Au 100 8.1 14.7
HeSy 14.7 9.6 17.1
H7Sn 7.7 6.9 16.5
H8Sn 24.3 9.3 16.3
1198 8.6 6.5 15.8
1206n 32.4 9.1 15.6
1226n 4.6 8.8 14.9
1248n 5.6 8.5 14.4
%3Cu 69.17 10.9 19.7
%Cu 30.83 9.9 17.8
*1Fe 5.9 13.38 | 24.1
6T 91.72 11.2 20.5
Fe 2.12 7.65 18.8
46y 8.1 13.2 22.7
4Ty 7.3 8.9 22.1
4Ty 73.8 11.6 20.5
4974 5.5 8.14 19.77
20Ty 5.4 10.94 19.1
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Pb, Au, and Sn targets with 16.6 MeV photons because the Q-value of the (+,2n)
reaction was lower than the energy of the incident photon.

Figure 4.4 to Figure 4.9 display the raw DDX data extracted from JENDL-2004
and JENDL/PD-2016.1 for 2°8Pb, 197Au, 129Sn, 3Cu, Fe, and ¥ Ti with 16.6 MeV
photons. JENDL-2004 does not contain the data of '?°Sn and *Ti; thus, the raw
DDX data were not plotted in Figure 4.6 and Figure 4.9.

The DDX results extracted from JENDL-2004 are shown in black lines. JENDL-
2004 reproduced a smoother neutron spectrum than the spectrum of JENDL/PD-
2016.1. Fluctuation points exist on the spectra because JENDL/PD-2016.1 repro-
duces the neutron spectrum by considering discrete levels in residual nuclei, while

JENDL-2004 dose not. This will be explained in section 4.3.
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Figure 4.4: DDX results extracted from JENDL for 2°Pb.
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Figure 4.5: DDX results extracted from JENDL for 197 Au.
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Figure 4.6: DDX results extracted from JENDL for 2°Sn.
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Figure 4.7: DDX results extracted from JENDL for %3Cu.
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Figure 4.8: DDX results extracted from JENDL for 5Fe.
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Figure 4.9: DDX results extracted from JENDL for 48Ti.
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4.3 CoH; code

The coupled-channels Hauser-Feshbach (CoHs) code was developed by Los Alamos
National Laboratory and is a main tool for calculating nuclear reactions for A > 20.
The code can provide reaction cross sections as well as energy and angular dis-
tributions of the secondary particles [241] based on the Hauser-Feshbach model by
considering pre-equilibrium processes.

Figures 4.10, 4.12, 4.14, 4.16, 4.18, and 4.20 show schematic diagrams of the
(7,n) reaction for *Fe, 28Pb, 197Au, 129Gn, 3Cu, and *®Ti, respectively, which were
excited by incident photons. These figures were plotted using data of discrete levels
in CoHj code [21]. The left side of these figures indicates the discrete levels in MeV
of the residual nuclei. The right one shows the excitation of the target nuclei by
the incident photon with energy its distribution. This energy distribution of the
incident photon is same with Figure 4.40.

Figures 4.11, 4.13, 4.15, 4.17, 4.19, and 4.21 show the raw DDX of the pho-
toneutrons of the (v,xn) reaction on *Fe, 2%Ph, 197 Ay, 120Sn, 3Cu, and 8 Ti, which
were calculated using the CoHs code with incident photon. The shape fluctuates
on these figures is because CoHj (as well as JENDL/PD-2016.1) accounts for the
discrete levels in the residual isotope for neutron emission. The energy of emitted

neutrons can be calculated by Equation 4.1:

En = E'y - Qval - Elevel (41)

where
E, is the neutron energy,
E, is the energy of the incident photons,
Qual is the Q-value of the reaction, and
Elevel is the energy at each discrete level.

High-energy neutrons were emitted with the transition from the high excited
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states, as expressed by solid arrows in Figures 4.10, 4.12, 4.14, 4.16, 4.18, and 4.20,
to the ground or lower-lying states on residual nuclei. On the other hand, low-
energy neutron emission corresponds to the transition from higher excited states on
the isotope to the lower excited states on the residual nuclei, as shown by dashed
arrows in these figures.

In Figure 4.10, the excited states of *Fe decay to the ground state and excited
states of %°Fe through neutron emission. Thirty discrete levels of *Fe are included
in this code, the energy of which is up to 3.4569 MeV, as shown in Figure 4.10.
Following Equation 4.1, in Figure 4.11, fluctuation points can be explained according
to the low-lying discrete levels. The neutron energy at these fluctuation points ranges
is from 1.9431 MeV up to 5.4 MeV, corresponding to discrete levels from 3.4569 MeV
down to 0 MeV.
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Figure 4.10: Schematic view of the (vy,n) reaction on *°Fe excited by incident
photons.
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Figure 4.11: DDX results calculated using CoHs for °Fe
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The discrete levels of the residual isotope after neutron emission, 2°"Pb, are
shown in Figure 4.12. The energy of the levels ranges from 4.25 MeV down to 0.
Further calculation using Equation 4.1 with 16.6 MeV photons indicates that the
fluctuating points on the neutron spectrum, as shown in Figure 4.13, ranges from

4.95 MeV to 9.2 MeV.
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Figure 4.12: Schematic view of the (y,n) reaction on ?®*Pb excited by incident
photons.
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Figure 4.13: DDX results calculated using CoHs for 2°*Pb.
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Similarly, discrete levels of ' Au are shown in Figure 4.14; the energy is up to
0.8297 MeV. Fluctuating points in the energy range of 7.67 MeV — 8.5 MeV still
occur on the neutron spectrum, but they are not displayed in Figure 4.15, because

their DDX values are lower than 1073 mb/sr/MeV.
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Figure 4.14: Schematic view of the (y,n) reaction on *7Au excited by incident
photons.
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Figure 4.15: DDX results calculated using CoHs for 197 Au.
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Figure 4.16 indicates discrete levels of 1'?Sn after '2°Sn emits a neutron. The

energy of the levels ranges from 0 to 1.6330 MeV. Thus, the neutron spectrum in

Figure 4.17 shows fluctuation from 5.867 MeV to 7.5 MeV.
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Figure 4.16: Schematic view of the (y,n) reaction on '?°Sn excited by the incident

photons.
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Figure 4.17: DDX results calculated using CoHs for 12Sn.
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Figure 4.18 shows the excitation of %3Cu by the incident photons and the pro-
duced neutrons. The energy of the discrete levels of 52Cu is up to 1.9960 MeV.

Figure 4.19 shows fluctuating points in the energy range of 3.704 MeV — 5.7 MeV.
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Figure 4.18: Schematic view of the (y,n) reaction on %Cu excited by incident
photons.
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Figure 4.19: DDX results calculated using CoHs for %3Cu.
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Correspondingly, for *Ti, as shown in Figure 4.21, the neutron energy fluctu-
ated from 1.41 MeV up to 4.84 MeV because the discrete levels of "Ti range from

3.5827 MeV down to 0 MeV, as indicated in Figure 4.20.
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Figure 4.20: Schematic view of the (y,n) reaction on “*Ti excited by incident
photons.
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Figure 4.21: DDX results calculated using CoHs for 48Ti
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4.4 Comparison of the raw DDX data from JENDL

and CoHj;

Figure 4.23 shows the DDX results for " Au. The obtained data of CoHs code
are indicated in black, the data extracted from JENDL/PD-2016.1 are in red, and
the data extracted from the JENDL-2004 data file are in blue. The shapes of neutron
energy spectra are different, but the integrated cross sections are comparable. In
case of ¥7Au, the integrated cross sections are 25.3 mb, 28.9 mb, and 28.9 mb for
CoHs, JENDL/PD-2016.1, and JENDL-2004, respectively. For 28Pb, these values
are 27.3 mb, 23.1 mb, and 24.2 mb for CoHs, JENDL/PD-2016.1, and JENDL-2004,
respectively.

As discussed in sections 4.2 and 4.3, both CoHz and JENDL/PD-2016.1 took the
discrete levels into account for neutron emission. However, the fluctuating shapes

of these spectra are not identical.
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Figure 4.22: Comparison of DDX results of JENDL and CoHs for 2%8Pb.
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Figure 4.23: Comparison of DDX results of JENDL and CoHj for °7Au.
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Figure 4.24: Comparison of DDX results of JENDL and CoHj for '2°Sn.
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Figure 4.25: Comparison of DDX results of JENDL and CoHj for %3Cu.
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Figure 4.26: Comparison of DDX results of JENDL and CoHj for *°Fe.
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Figure 4.27: Comparison of DDX results of JENDL and CoHj for **Ti.
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4.5 Natural abundance of isotopes

The abundances of each target’s isotopes were considered in the calculation of
the DDXs from the library and CoHj code. For the PHITS results, the abundances
were automatically taken into account in the PHITS program. The abundance of an
isotope was taken into account by considering the sum of the DDX data multiplied
by the abundance of the isotope in the target, as reported in Table 4.1. Figure 4.28
to Figure 4.39 display the DDX data obtained by considering the abundance of
isotopes in each target for Pb, Sn, Cu, Fe, and Ti targets.

For the Pb target, the dominant isotope is 2°*Pb, but the Q-value of 2°"Pb is
the minimum at 6.7 MeV. The maximum neutron energy was determined by the
Q-value. Thus, the maximum neutron energy is shown in Figures 4.28, 4.29, and

4.30 is approximately equal to 10 MeV because of the contribution of 27Pb.
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Figure 4.28: JENDL-2004 DDX data normalized with the abundance of isotopes
in a Pb target using 16.6 MeV photons.
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Figure 4.29: JENDL/PD-2016.1 DDX data normalized with the abundance of
isotopes in a Pb target using 16.6 MeV photons.
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Figure 4.30: CoH3; DDX data normalized with the abundance of isotopes in a Pb
target using 16.6 MeV photons.
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In case of Sn, the dominant isotope, 2°Sn, significantly contributes to the DDX
data. Although the abundance of the '9Sn isotope is low at 8.6%, its Q-value is
6.5 MeV, and the maximum neutron energy was due to the data of the 1'Sn isotope,

as shown in Figure 4.31 and Figure 4.32.
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Figure 4.31: JENDL/PD-2016.1 DDX data normalized with the abundance of
isotopes in a Sn target using 16.6 MeV photons.
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Figure 4.32: CoH3; DDX data normalized with the abundance of isotopes in a Sn
target using 16.6 MeV photons.
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Figures 4.33, 4.34, and 4.35 show the DDX data for Cu from JENDL-2004,
JENDL/PD-2016.1, and CoHs, respectively, by considering its abundance. Similarly
to the case of Sn, the abundance of ®*Cu is lower than that of %3Cu at 30.83%, but

the maximum energy of the neutron spectrum was due to its Q-value of 9.9 MeV.
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Figure 4.33: JENDL-2004 DDX data normalized with the abundance of isotopes
in a Cu target using 16.6 MeV photons.
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Figure 4.34: JENDL/PD-2016.1 DDX data normalized with the abundance of
isotopes in a Cu target using 16.6 MeV photons.
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Figure 4.35: CoH; DDX data normalized with the abundance of isotopes in a Cu
target using 16.6 MeV photons.
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In Figures 4.36 and 4.37, the fluctuation of the neutron spectrum is quite sig-
nificant because of the discrete levels of residual isotopes after neutron emission.
Although the abundance of %°Fe is the highest, the maximum energy of the neu-
tron spectrum based on the data for *’Fe is due to its Q-value. Using 16.6 MeV
photons, for ®"Fe, the residual isotope after neutron emission is *Fe. It contains 76
discrete levels, and the excited energy ranges from 5.3078 MeV down to 0.0 MeV,
which corresponds to a fluctuation point range from 3.64 MeV to 8.95 MeV because
its Q-value is 7.65 MeV. Correspondingly, *Fe is the residual isotope after neutron
emission from **Fe. It has 23 discrete levels, with energies ranging from 0 MeV up to

3.1759 MeV, and its Q-value is 13.38 MeV. Thus, the maximum energy is 3.22 MeV.
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Figure 4.36: JENDL/PD-2016.1 DDX data normalized with the abundance of
isotopes in a Fe target using 16.6 MeV photon.
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Figure 4.37: CoH3; DDX data normalized with the abundance of isotopes in a Fe

target using 16.6 MeV photon.
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The cases of Ti are similar to the cases of Fe. The dominant isotope is **Ti;
thus, it significantly contributes to the DDX data of the Ti target. The maximum
energy of the neutron spectrum was determined by the data of *°Ti because of its
Q-value, 8.14 MeV. The residual isotope **Ti after neutron emission from *°Ti has
62 discrete levels. Its excited energy is up to 5.0630 MeV. For instance, Figures 4.38

and 4.39 indicate that the fluctuation point ranges from 3.397 MeV up to 8.46 MeV.
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0 2 4 6 8 10 12 14
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Figure 4.38: JENDL/PD-2016.1 DDX data normalized with the abundance of
isotopes in a Ti target using 16.6 MeV photon.
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Figure 4.39: CoH3 DDX data normalized with the abundance of isotopes in a Ti
target using 16.6 MeV photon.
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4.6 Photon energy width

In order to take the photon width effect into account, the DDX data were cal-
culated with the photon energy varying from 14.7 MeV to 17 MeV under the distri-
bution shown in Figure 4.40. The DDX data calculated with each photon energy in
the range 14.7 — 17 MeV were normalized according to the photon spectrum distri-

bution shown in Figure 4.40, which was presented in Reference [37]. Figure 4.41 to

0.005

0.004

0.003

0.002

Flux [photon/MeV/source]

0.001 - .

0 5 10 15 20
Photon energy [MeV]

Figure 4.40: LCS photon spectrum obtained from simulation.

Figure 4.55 show the DDX from JENDL-2004, JENDL/PD-2016, and CoHgs, respec-
tively, after considering the photon width for Pb, Au, Sn, Cu, Fe, and Ti targets.
For Pb, Au, and Sn, the Q-value of the (,2n) reaction is lower than the photon
energy of 17 MeV; thus, two-neutron emission is possible. Consequently, the neutron
spectrum shapes reproduced with the photon energies in the range of 14.7 MeV —
15 MeV were different from those for other energies, as can be seen clearly in Fig-

ures 4.42 and 4.47 for Pb and Sn, respectively.
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Figure 4.41: JENDL-2004 DDX data of Pb normalized with the photon energy
width.
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Figure 4.42: JENDL/PD-2016.1 DDX data of Pb normalized with the photon
energy width.
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Figure 4.43: CoH3 DDX data of Pb normalized with the photon energy width.
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Figure 4.44: JENDL-2004 DDX data of Au normalized with the photon energy
width.
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Figure 4.45: JENDL/PD-2016.1 DDX data of Au normalized with the photon
energy width.
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Figure 4.46: CoH3; DDX data of Au normalized with the photon energy width.
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Figure 4.47: JENDL/PD-2016.1 DDX data of Sn normalized with the photon
energy width.
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Figure 4.48: CoH3 DDX data of Sn normalized with the photon energy width.

- 117 —



4.6. PHOTON ENERGY WIDTH

Chapter 4

1x10*

DDX[mb/MeV/sr]

nat.cy - JENDL-2004

MeV

M M M M MMM mmmmmmmmmmmmmmmmm
<<<<<<<<<<<<<<<<<<<=<=<=<=<=<
L 1 1 1 1 O 1 A I { O VR 1
PRPRPRRRRPRRRRRRRPRRERRRRERRERE -
NOOOIIIONIOIONNUTOTOTGT TG OTh A A
CLOONOUIRWNROOVONOUIRWNFROOON
=TI ZIZIZIZIZIZIZIZIZIZIZIZILSLL
OCODDDODDDDDDDDDDDDDMDD D
I LKL LILKLI LI LI L LI LI LI L L LKL LKL LKL

Neutron Energy [MeV]

8

Figure 4.49: JENDL-2004 DDX data of Cu normalized with the photon energy

width.
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Figure 4.50: JENDL/PD-2016.1 DDX data of Cu normalized with the

energy width.
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Figure 4.51: CoH3 DDX data of Cu normalized with the photon energy width.
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Figure 4.52: JENDL/PD-2016.1 DDX data of Fe normalized with the photon
energy width.
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Figure 4.53: CoH3; DDX data of Fe normalized with the photon energy width.
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Figure 4.54: JENDL/PD-2016.1 DDX data of Ti normalized with the photon
energy width.
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Figure 4.55: CoH3 DDX data of Ti normalized with the photon energy width.
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4.7 Neutron energy resolution

Finally, the neutron energy resolution in the DDX measurement was taken into
account in the DDX data. The neutron energy resolution was calculated using
Equation 3.8 and is shown in Figure 3.5. A function of the energy resolution was
parameterized by fitting to the numerical values of the resolution by using Equa-
tion 4.2. Result of the fitting is shown in Figure 4.56, and the fitting function is as

follows:

AFE =0.131257 - E - 1/0.092594 - E + 1.85957 + 0.010433. (4.2)

2.5

=
()

=

Resolution [MeV]

0.5

Neutron Energy [MeV]

Figure 4.56: Energy resolution of neutron detector at H90 and its fitting function.

The energy resolution was taken into account in the calculated DDX data by
using ROOT code. In this code, the resolution calculated from Equation 4.2 was

applied to each energy bin of the neutron energy spectrum. Adding the energy
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resolution in the calculated DDXs causes the peak structure to disappear and the
maximum neutron energy on the calculated spectrum to be increased. Figure 4.57
to Figure 4.77 show the results of the DDX data considering the neutron energy

resolution and their comparison with the original data.

:nat.Pb . IJENDL-éOO4 before co'nsidering'j resoluti'on
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Figure 4.57: JENDL-2004 DDX data of Pb normalized with the neutron energy
width.

- 123 —



4.7. NEUTRON ENERGY RESOLUTION Chapter 4

T T T T
before considering resolution
after considering resolution

Mapy - JENDL/PD-2016.1
1x10% |

2 1x10° | E
()
=
S
£ 1
< 1x10~ .
a
@
1x1072 | ]
1x10° L

0 2 4 6 8 10 12 14
Neutron Energy [MeV]

Figure 4.58: JENDL/PD-2016.1 DDX data of Pb normalized with the neutron
energy width.
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Figure 4.59: CoH3; DDX data of Pb normalized with the neutron energy width.
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Figure 4.60: PHITS DDX data of Pb normalized with the neutron energy width.
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Figure 4.61: JENDL-2004 DDX data of Au normalized with the neutron energy
width.
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Figure 4.62: JENDL/PD-2016.1 DDX data of Au normalized with the neutron
energy width.
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Figure 4.63: CoH3 DDX data of Au normalized with the neutron energy width.
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Figure 4.64: PHITS DDX data of Au normalized with the neutron energy width.

before co'nsidering' resolution
after considering resolution

. ["tsn - JENDL/PD-2016.1

1x10" 7

1x10° |

1x1071 |

DDX[mb/MeV/sr]

1x1072 |

1x10°3

0 2 4 6 8 10 12 14
Neutron Energy [MeV]

Figure 4.65: JENDL/PD-2016.1 DDX data of Sn normalized with the neutron
energy width.
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Figure 4.66: CoH; DDX data of Sn normalized with the neutron energy width.
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Figure 4.67: PHITS DDX data of Sn normalized with the neutron energy width.
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Figure 4.68: JENDL-2004 DDX data of Cu normalized with the neutron energy
width.
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Figure 4.69: JENDL/PD-2016.1 DDX data of Cu normalized with the neutron
energy width.
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Figure 4.70: CoH; DDX data of Cu normalized with the neutron energy width.

= t
- "™Cu-PHITS  — pefore considering resolution
10 B —— after considering resolution
s N
[}
=z 1=
o =
B I
g F
x 107 E
a =
()] -
1072
1038 v v 1 N B
0 2 4 6 8 10 12

Neutron Energy [MeV]

Figure 4.71: PHITS DDX data of Cu normalized with the neutron energy width.
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Figure 4.72: JENDL/PD-2016.1 DDX data of Fe normalized with the neutron
energy width.
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Figure 4.73: CoH; DDX data of Fe normalized with the neutron energy width.
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Figure 4.74: PHITS DDX data of Fe normalized with the neutron energy width.
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Figure 4.75: JENDL/PD-2016.1 DDX data of Ti normalized with the neutron
energy width.
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Figure 4.76: CoH; DDX data of Ti normalized with the neutron energy width.
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PHITS DDX data of Ti normalized with the neutron energy width.
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4.8 Comparison of DDXs the theoretical calcula-
tion and nuclear data

In this section, the theoretical DDX spectra obtained using PHITS, JENDL/PD-
2004, JENDL/PD-2016.1, and CoHs are compared. Figures 4.78 - 4.80 show the
calculated DDX spectra of photoneutrons emitted from Pb, Au, Sn, Cu, Fe, and Ti.
The black, magenta, red, and blue solid lines indicate the calculated DDX spectra
produced by PHITS, JENDL/PD-2004, JENDL/PD-2016.1, and CoHs, respectively.

To compare with experimental data, the calculations were performed with the
consideration of the natural abundance of isotopes, the energy distributions of pho-
tons, and the energy resolution of neutron detectors for each target.

In general, the DDX spectra produced by these calculations of Pb, Au, or Sn
are significantly different above 4 MeV owing to the consideration of pre-equilibrium
processes in JENDL and CoHj3 but not PHITS; however, the calculated DDX spectra
of Cu, Fe, and Ti are comparable.

In addition to the shapes of the DDX spectra, the maximum energies (Eax)
of photoneutrons are also different. In JENDL/PD-2016.1 and CoHgs, the discrete
nuclear energy levels are considered when calculating the photoneutron production.
The discrepancy between the spectra from the nuclear data library (JENDL/PD-
2016.1) and theoretical model (CoHs) is due to the difference in calculation codes
and initial states. The discrete energy levels considered in JENDL/PD-2016.1 lead
to the fluctuation of DDX spectra obtained in Pb, Fe, and Ti even after smearing.
Owing to the discrepancy among PHITS, JENDL, and CoHj, an experimental data
set is needed to confirm and develop a theoretical calculation model. The calcula-
tions in PHITS, JENDL/PD-2004, JENDL/PD-2016.1, and CoHs were conducted
in different ways. In PHITS, GEM was used; therefore, the DDX spectrum con-
tained only the isotropic evaporation component of the neutron spectrum. On the

other hand, in JENDL/PD-2004, JENDL/PD-2016.1, and CoHs, the photoneutron
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production was calculated with the consideration of evaporation and pre-equilibrium
processes; consequently, in the neutron energy range above 4 MeV, the DDX of ei-
ther JENDL or CoHj3 was higher than the DDX of PHITS. However, considering
the abundance of isotopes, the photon width effect reduced the fluctuating shape for
Pb, Au, Sn, and Cu targets, while it did not for Fe and Ti. For Fe and Ti targets,
the fluctuations of the spectra were huge because the discrete levels in the residual
isotopes are quite significant.

Table 4.2 lists the angular differential cross sections (ADXs) reproduced by
PHITS, JENDL/PD-2004, JENDL/PD-2016.1, and CoHj for all targets. The ADX
values were computed by integrating the DDX values for the entire spectrum. Al-
though these photoneutron distributions reproduced by the theoretical model, nu-

clear data library, and simulation code are different, the ADX values are comparable.

Table 4.2: ADX values in mbarn/sr calculated by PHITS, JENDL/PD-2004,
JENDL/PD-2016.1, and CoHj for all targets in this study.

Target | PHITS | JENDL/PD-2004 | JENDL/PD-2016.1 | CoHj
[mb /sr] [mb /sr] [mb /sr] [mb /sr]

natpt, 21.69 21.67 23.00 25.51
Au 26.97 28.32 28.29 25.23
natSn 20.85 20.62 21.27
ntCu 5.89 5.82 6.92 6.51
natFe 5.03 4.94 4.09
naty 3.57 3.11 3.11
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Figure 4.78: Comparison of the DDX calculation results for Pb and Au.
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Figure 4.79: Comparison of the DDX calculation results for Sn and Cu.
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Figure 4.80: Comparison of the DDX calculation results for Fe and Ti.
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Results and discussion

The DDXs of the photoneutrons were measured using polarized photons at New-
SUBARU, as discussed in Chapter 2. After data acquisition, the data sets were
analyzed to determine the DDXs,; as described in Chapter 3. In this chapter, using
the DDX data with 17 MeV photons, the energy and angular distributions of the
photoneutrons are discussed. The target mass dependence and photon energy de-
pendence of the photoneutrons are also discussed. Finally, to understand the current
status of photoneutron production in particle transport simulation, the calculated

DDXs and experimental data are compared.
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5.1 Double-differential cross section of photoneu-
tron production

The DDX values of (y,xn) reactions on six targets ("Pb, 97 Au, "*-Sn, nat-Cuy,
nat-Fe, and "*Ti) at six angles (horizontal 30°, 60°, 90°, 120°, 150°, and vertical
90°) were obtained from experiments using a 17 MeV polarized photon beam, as
shown in Figure 5.1. Six neutron detectors were labeled with H30, H60, H90, H120,
H150, and V90, respectively. The minimum neutron energies of all data points were
2 MeV, and the maximum neutron energies (EZ>*) were slightly higher than the

theoretical energies (Efies ) in Table 5.1 because the energy resolutions broaden
the DDX distributions. The energy resolutions were discussed in section 3.3.2 and
Figure 3.5.

In this study, the maximum energies of the neutrons (E{i25 ) produced from the
photonuclear reactions in each target were calculated by subtracting the Q-values of
the reaction from the energy of the incident photon. All the target material isotopes
in this study had their natural abundances. The Q-values of neutron emission
reactions are different. In Table 5.1, only the minimum Q-values of neutron emission
reactions from isotopes with abundance greater than 10% are listed as EX?* . The

theory *

Q-values of different isotopes were given in Reference [31].

Table 5.1: Maximum theoretical neutron energy for different targets.

Target | Maximum neutron
energy, Ef2*  [MeV]

theory
natpt, 9.9
Y7 Au 8.5
natSn 7.5
natCy 6.7
natFe 5.4
nat Ty 5.0
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Figure 5.1: Experimental results of the DDXs of the (v, xn) reaction for 17 MeV
horizontally polarized photons on Pb, Au, Sn, Cu, Fe, and Ti targets.
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In Figure 5.1, two components were observed in the DDX; one component mainly

occupied the energy range of 2-4 MeV of the DDX, and the other component mainly

max
exp. "

occupied the energy range from 4 MeV to E For energy lower than 4 MeV, shape
of the energy distribution was similar to the tail of the Maxwell distrbution; thus, the
energy distribution below 4 MeV was called the Maxwellian-shaped component. The
photoneutrons in the Maxwellian-shaped component were expectedly independent
of the neutron emission angle because the photoneutrons were produced by the
evaporation process [27]. The variations in the Maxwellian-shaped component of
DDX for different angles were caused by the uncertainties mentioned in Table 2.2.

The component with energy higher than 4 MeV was named the non-Maxwellian-
shaped component. The neutrons in the non-Maxwellian-shaped component of DDX
are known to be produced by direct, pre-equilibrium processes and the polarization
effect of the polarized photons, according to previous studies [30, 37, 54, 55]. The
experimental data obtained in the %7Au(y,xn) measurement were consistent with
the results of neutron energy spectra reported by Kirihara et al. [37]. For targets
except Ti, the minimum and maximum DDX values were obtained at the horizontal
and vertical 90°, respectively. On the other hand, for Ti, the relationship is the
opposite; the minimum and maximum DDX values were obtained at the horizontal
90° and vertical 90°, respectively. For further analysis, the Maxwellian-shaped and
non-Maxwellian-shaped components must be separated. To determine the energy
for separation of these two components, the Maxwellian-shaped component was
fitted with a Maxwellian-shaped distribution, which can well explain the evaporation
process; subsequently, the difference between the experimental data and fitting is
identified. The Maxwellian fitting was performed for the data points in the energy
range of 2-4 MeV.

In Figure 5.2 — Figure 5.7, the Maxwellian fitting function is plotted as a solid red

line and shown together with the experimental data obtained in the measurement

for each target.
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Figure 5.2: Fitting of a Maxwell distribution for the data obtained with an Au
target.
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Figure 5.3: Fitting of a Maxwell distribution for the data obtained with an Pb
target.
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Figure 5.4: Fitting of a Maxwell distribution for the data obtained with an Sn
target.
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Figure 5.5: Fitting of a Maxwell distribution for the data obtained with an Cu
target.
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Figure 5.6: Fitting of a Maxwell distribution for the data obtained with an Fe

target.
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Figure 5.7: Fitting of a Maxwell distribution for the data obtained with an Ti

target.
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Table 5.2 lists the temperature parameters of the Maxwell distribution for the
targets at different detection angles. The temperature parameters at different angles

in the same target are inconsistent because the energy points below 2 MeV are

missing in the experiment.

Table 5.2: Temperature parameters of Maxwell fitting for the targets.

Target Temperature [MeV]

H30 H60 H90 H120 H150 V90
natph [ 0.9540.11 | 0.92+0.10 | 1.440.22 | 1.124+0.14 | 1.05+0.12 | 1.00+£0.10
B7Au | 0.81£0.08 | 0.9340.10 | 1.0£0.13 | 0.86+0.08 | 1.09+0.13 | 0.8140.08
natQn | 0.9140.12 | 1.004+0.15 | 1.240.19 | 1.04+0.13 | 0.90£0.10 | 0.80+0.08
natCu | 1.5340.28 | 1.3340.21 | 1.7440.33 | 1.44+0.23 | 1.57+0.28 | 1.0940.13
natFe | 1.66+0.35 | 1.54+0.27 | 1.9940.45 | 1.804+0.36 | 1.63+0.31 | 1.48+0.26
2T | 0.8640.08 | 0.74+0.05 | 0.9340.09 | 0.9340.08 | 0.97+0.09 | 0.92+0.09

To identify the difference, the ratio of experimental data to the Maxwellain
fitting data was taken at every energy. Figure 5.8 shows these ratios of the DDX
data obtained at horizontal 60° in six targets. These ratios at neutron energies below
4.2 MeV, which is the upper boundary of the energy bin, ranged from 0.8 to 1.1 for
all six targets. For energies higher than 4.2 MeV, the ratios quite different; they
increase up to 1.2 and then decrease to approximately 0.2. The ratios obtained at
other angles show the same trends. Therefore, the separation energy to separate the
Maxwellian-shaped and non-Maxwellian-shaped component for all targets was set at
4.2 MeV. It is interesting that the same energy was applied to separate Maxwellian-
shaped and non-Maxwellian-shaped components obtained from (v,xn) on different

nuclei with different excitation energies.
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5.2 Angular dependence of photoneutron produc-
tion

5.2.1 Angular distribution of neutrons

This section discusses on the angular distribution of the Maxwellian-shaped and
non-Maxwellian-shaped components discussed in section 5.1. To do that, it is neces-
sary to consider the ADXs and the angles of incident photons and emitted neutrons.
The ADXs for the Maxwellian-shaped and non-Maxwellian-shaped components were

calculated by integrating the DDXs in the energy range from 2 MeV to 4.2 MeV,

max

which were determined in section 5.1, and those in the range from 4.2 MeV to EZY,

Y

Direction of photon
polarization

Incident photon direction

(b) Polarization angle of the LCS photons in this study

Figure 5.9: Relationship between the photon direction and neutron emission di-
rection.
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respectively.

Figure 5.9 shows the angles used in the discussion on the ADXs of photoneutrons.
The incident photon direction is exactly on the Z axis. The XZ plane is defined by
the horizontal NE213 detectors and the photon beam axis. These angles include the
angle ¢ formed by the directions of photon polarization and the XZ plane, the angle
© formed by the directions of photon polarization and emitted neutrons, and the
angle 6 formed by the directions of incident photons and emitted neutrons. Because
@ is chosen to be parallel to the XZ plane, this angle is equal to 0° and 90° for
horizontal and vertical detectors, respectively. The angle © is the main angle used

in ADX. One can express the relationship among these angles as follows:

cos(©) = sin(f) - cos(yp). (5.1)

¢

Using Equation 5.1, values of © from 0° to 90° were obtained as listed in Table 5.3

Table 5.3: Values of © determined using Equation 5.1.

Detector | 6[°] | ¢[°] | ©[°]
H30 30 0 60
H60 60 0 30
H90 90 0 0

H120 1201 0 30
H150 150 | 0 60
V90 90 | 90 | 90

As mentioned at the beginning of this section, the ADX values were calculated by
taking the integral of the Maxwellian-shaped and non-Maxwellian-shaped DDXs for
each target. The ADXs are shown in Figure 5.10 as a function of © of Maxwellian-
shaped and non-Maxwellian-shaped neutrons for the six targets, with the values of
© mentioned in Table 5.3. The function used for fitting ADX in Figure 5.10 as
follows:

ADX(©) = a+ bcos(20), (5.2)
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where a and b are fitting parameters.
Table 5.4 lists the obtained fitting parameters a and b for the Maxwellian-shaped
and non-Maxwellian-shaped components in each target.

The ADX of the Maxwellian-shaped components in Figure 5.10 has a flatter an-
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Figure 5.10: ADX as a function of the angle between the polarization and detector
directions for the Maxwellian-shaped and non-Maxwellian-shaped components.

Table 5.4: Summary of the fitting parameters for Maxwellian-shaped and non-
Maxwellian-shaped components.

Target Maxwellian-shaped component non-Maxwellian-shaped component
AMax bMax bMax/aMax Anon—Max bnonfMax bnonfMax/anonfMax

natph | 7.284:0.20 | 0.13£0.27 | 0.024+0.04 | 6.18+0.12 | 2.48+0.16 0.40£0.03
97Au | 5.1340.14 | 0.2840.20 | 0.06+£0.04 | 4.1640.08 | 1.2940.11 0.31£0.03
natQn | 3.09£0.09 | 0.144:0.13 | 0.05+0.04 | 3.2140.07 | 1.0540.10 0.33£0.03
natCy | 1.5340.04 | 0.134+0.06 | 0.094£0.04 | 1.1140.03 | 0.2840.04 0.25+0.03
natfe | 1.0140.03 | 0.03£0.04 | 0.034+0.04 | 0.57£0.02 | 0.1440.02 0.2440.04
natmy | (0.8640.02 | 0.0440.03 | 0.04+0.04 | 0.1840.01 | -0.06+0.01 -0.35+0.05
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gular distribution than the non-Maxwellian-shaped ADX. ay., increases with the
target Z. The Maxwellian-shaped component neutrons in this research could not be
measured at energies less than 2 MeV. This energy threshold causes an underesti-
mation of the total amount of Maxwellian neutrons. Therefore, the tendency of ayay
must be confirmed using experimental data measured with a lower energy threshold.
For light nuclei, because of the large negative reaction Q-value, the maximum neu-
tron energy is relatively low; thus, it is important to measure the DDX data below
2 MeV to estimate the ADX values.

The values of byax and byax/anvax reported in Table 5.4 are used to discuss
the angular dependence of ADXs in different targets. The magnitude of angu-
lar dependence for the Maxwellian neutrons (byjay) is smaller than that for the
non-Maxwellian neutrons (bpon—max). The ratios byax/anax and buon—wax/anon—Max
indicate the amplitude fluctuation of the angular dependence of Maxwellian and
non-Maxwellian components, respectively. For the neutrons with energies less than
4.2 MeV, the ratio byax/anax is less than one tenth of the total Maxwellian compo-
nent for all targets.

On the other hand, the angular dependence of the neutrons in the non-Maxwellian
component, as shown in Figure 5.10, can be well explained by the fitting function in
Equation 5.2. The maximum ADXs measured with Pb, Au, Sn, Cu, and Fe targets
are observed at © = 0°. However, at this angle © = 0°, the minimum ADX value is
obtained for the Ti target.

With a higher target Z, the total amount of neutrons in non-Maxwellian compo-
nent and the by, _nax value both increase. The byon—Max/@non—Max vValues indicating
the anisotropy of non-Maxwellian neutrons are higher than 0.24 for all targets, except
for Ti. This value implies that a significant number of emitted neutrons are sensi-
tive to the photon polarization direction. For the Ti target, the obtained byon_ Max
is small (-0.06), but the ratio byon—Max/@non—Max Of this target is -0.35, implying that

a significant number of neutrons exhibit an opposite angular distribution compared
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to that of other targets.

The ratio byax/amax measured with Au in the present study (0.31 £ 0.03) is
consistent with the ratio reported in a previous study [37] (0.35 £ 0.04). To make
this comparison, the byjax/amax ratio of Au in Reference [37] was calculated using
the fitting parameters reported in that paper, and the uncertainty of this ratio was
calculated by using as. The byon_max Of Au is 1.9 times smaller than that of Pb,
although the difference in atomic number is not significant. The non-Maxwellian
neutrons have a dependence on the 7Z of the target, and this dependence, together
with the comparison with data from measurements using bremsstrahlung photons,
will be discussed below.

The obtained cross section of the (7, xn) reactions can be determined by integrat-
ing the ADX over the 47 solid angle range. It corresponds to 47 (ayax + anon—Max)s
where apr.e and ayen_max are fitting results. Because the neutrons with energies
below 2 MeV could not be measured in the present experiment, the obtained cross
section, for example 169.06 mb for Pbh, is different from the value of approximately
200 mb reported in a previous study of Varlamov et al. [31, 56]. This is motivation
to perform a similar experiment with a lower energy threshold for neutrons in the
near future, which will help in checking the consistency of the DDX data with the

previously reported cross section of the (v,xn) reactions.
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5.2.2 Anisotropy parameter of the non-Maxwellian compo-

nent

The angular distributions of the Maxwellian-shaped and non-Maxwellian-shaped
components, which were the results of evaporation and pre-equilibrium processes,
respectively, were measured with bremsstrahlung photons, which are unpolarized, in
previous studies. The angular distribution of anisotropic neutrons can be expressed

as a Legendre polynomial expansion [28]:
W(0) = a, Y (1 + ayPu(cos(6))). (5.3)

n=1

With n = 2, the parameter a; in the above equation implies the dipole component

of the interaction. Py(cosfl) of Equation 5.2.2 can be written as
1 2
Py (cosh) = 5(3005 0—1). (5.4)

Thus, the expression inside parentheses can be written as follows:

3 20
L ayP(cost) = (1-2) 1+ 202008 7 (5.5)
2 =
On the other hand, from Equation 5.1
a + bcos(20) = a + b(2cos’psin®f — 1). (5.6)

To compare the experimental data obtained in the present study with bremsstrahlung
data, the average squared cosine value of the polarization angle ¢ (defined in Fig-

ure 5.9) from 0° to 90° was estimated as follows:

w/2 1
cos?p = / cos?pdp = 3 (5.7)
0
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From Equation 5.6 and Equation 5.7, it is expressed as follows:

a + bcos(20) = a — bcos®0. (5.8)

Ifk = g, Equation 5.8 was written as follows:

a(1 — kcos?0). (5.9)

Combining Equation 5.5 and Equation 5.9, formula of ay is expressed as follows:

—2k
S — 1
a9 3 "k (5 0)

Therefore, the parameter ay, which expresses angular dependence of neutron emis-
sion for unpolarized photons can be obtained from the ratio of parameters, a and
b, that are obtained from polarized photon data. The numerical data in Table 5.4
were used to compare ay with previous angular dependence data obtained in the

1950s and 1960s.
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5.2.3 Comparison of anisotropy parameters between the

present results and previous data

The numerical values of ay for the non-Maxwellian-shaped component obtained
in the present study are listed in Table 5.5 together with the data obtained from
previous studies for comparison. In this table, the ay values are presented with dif-
ferent measurement conditions, including the energy of the incident photon beam
(E,), how the photon source is produced, the energy threshold of neutrons, the
measurement method, and the corresponding references. The referenced data are
sourced from systematic data acquisition for the angular distribution of photoneu-
trons emitted from various materials by Mutchler [25], Price [20], Tagliabue [27],

Baker [28], Horikawa [30], and Kirihara [37].

Table 5.5: Summary of numerical values of a, for the (v, xn) reaction with 17 MeV
polarized photons for the non-Maxwellian-shaped component in comparison with
previous experiments with different photon sources and experimental techniques.

Target -ag E, [MeV] | Photon source | EM™" [MeV] | Method | References
82pb 0.31£0.02 17 LCS 4.2 TOF This work
0.4240.03 22 Bremsstrahlung 6 28Si(n,p) Baker
0.414+0.09 22 Bremsstrahlung 6 28Gi(n,p) | Tagliabue
™ Au 0.23£0.02 17 LCS 4.2 TOF This work
0.264+0.04 17 LCS 4 TOF Kirihara
0.384+0.03 13 Breamsstrahlung 6 TOF Mutchler
0.30+0.05 22 Breamsstrahlung 6 28Gi(n,p) | Tagliabue
0.27£0.01 16.7 LCS 2 TOF Horikawa
1 0.13+0.02 16.7 LCS 2 TOF Horikawa
0.04+0.05 22 Breamsstrahlung 6 28Gi(n,p) | Tagliabue
°Sn | 0.2540.03 17 LCS 4.2 TOF | This work
Cu | 0.18+0.03 17 LCS 4.2 TOF | This work
0.19+0.04 22 Bremsstrahlung 4 2TAl(n,p) Price
0.2940.04 22 Bremsstrahlung 6 28Si(n,p) Baker
0.08+£0.17 22 Bremsstrahlung 6 28Gi(n,p) | Tagliabue
0.03£0.02 16.7 LCS 2 TOF Horikawa
ZFe | 0.17+0.03 17 LCS 4.2 TOF | This work
0.17£0.05 22 Bremsstrahlung 6 28Si(n,p) Baker
25Mn | 0.0040.00 22 Bremsstrahlung 6 ZSi(n,p) | Tagliabue
BV [ -0.05+0.07 22 Bremsstrahlung 4 2TAl(n,p) Price
22T -0.21£0.03 17 LCS 4.2 TOF This work
The experiments of Price [26], Tagliabue [27], and Baker [28] were performed

using a bremsstrahlung photon source, which provided a continuous photon energy
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distribution. Their results, hence, were obtained for photoneutrons produced in the
entire GDR. In other words, their a; results are “averaged” values for the energy
range from the reaction threshold to the photon energies, considering weighting
factors of the reaction cross section at different photon energies. It is clear that the
dependence on the incident photon energy of a; was not studied, even if it existed.
On the other hand, the LCS technique used by Horikawa [30], Kirihara [37], and the
present study, provides a mono-energetic photon beam that is suitable for studying
the photon energy dependence of a,.

Mutchler measured the data using quasi-monoenergetic photons [25] to avoid the
“photon energy average” by using two sets of data obtained with bremsstrahlung
photons at different maximum energies. This method provided data for photons
with a small energy width.

As for the detection techniques, Price, Tagliabue, and Baker obtained the pho-
toneutrons by using activation detectors based on the (n,p) reactions on either 2%Si
or 27Al. These results were distorted by the excitation function of the reaction; how-
ever, the present TOF data are not distorted, because the energy dependency of the
detection efficiency was considered. There are other sets of data not mentioned in
this thesis, because they were obtained using detectors that are sensitive to neutron
energy below 2 MeV. The Maxwellian-shaped neutrons do not have a significant an-
gular distribution and mask the angular distribution of the non-Maxwellian-shaped
neutrons because of their large yield.

The ay values of Cu and Fe reported herein are consistent with those obtained
in previous studies [28], but the ay values of other targets are different. The ay
values of Au reported by of Mutchler [25], for example, are 1.6 times higher than
the value obtained in the present study. The two data sets were obtained from
experiments with monoenergetic photons but with different energies. Therefore,
the dependence on the incident photon energy of as should be further investigated

using monoenergetic LCS photons with different energies. The present Cu data are
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2.25 times larger than those obtained with Tagliabue’s data [27]. This is because
the neutrons with energy above 6 MeV exhibit less angular dependence for Cu, as
shown in Figure 5.1. Therefore, the 28Si(n,p)?®Al reaction detector that was used
in the previous study with an energy threshold of 6 MeV was not suitable for a
measurement of photoneutrons from Cu.

The ay data of Sn and Ti nuclei were not available from previous experiments;
data for nuclei with close Z values are presented in Table 5.5 for comparison. The
present a, data for Sn are greater than those for I, but their Z values are close to each
other. The ay for I in Reference [20] was obtained using a bremsstrahlung photon
source; however, the data obtained with the same LCS photons [30] are half of the
present result owing to the difference in detector response and the minimum energy
of integration. The present ay, data for Ti can be compared with those of V. Because
the ADX of Ti exhibits opposite angular dependence, the sign of the present a, data
is opposite to that of the others. The ay data of V also have an opposite sign; thus,
the opposite angular dependence could be obtained for light nuclei.

The numerical values of ay used to deduce the ADXs are summarized in Table
5.6 for further discussion on the detector threshold effect with different minimum
neutron energies. As shown by the polynomial formula in Equation 5.2.2, as can be
affected by ay parameter. Therefore, a; has a dependence on the minimum energy
and energy response of the neutron detector. Considering the uncertainty caused
by these factors, the present study provides data that are in good agreement with

those of previous studies.

Table 5.6: Minimum energy dependence of ay for Pb, Au, Sn, Cu, Fe, and Ti.

Target -ag

E, >2MeV E, >4MeV | E,, >6MeV
natph 1 (0.14 £+ 0.02 | 0.31 +£0.02 | 0.40 £ 0.03
97Au | 0.12+£0.02 | 0.23 £0.02 | 0.29 + 0.03
natQy 0.14 £ 0.02 | 0.25 = 0.03 | 0.24 £+ 0.04
natCy | 0.11 £ 0.02 | 0.18 £ 0.03 | 0.18 £ 0.05
nat e 0.07 + 0.02 | 0.17 £ 0.03
natmi | -0.02 + 0.02 | -0.21 £ 0.03
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5.3 Target mass dependence of photoneutron spec-
trum

Figure 5.11 shows the photoneutron spectra of the (,xn) reaction on Pb, Au,
Sn, Cu, Fe, and Ti targets at H90 with 17 MeV photons. The spectra were obtained
from 2 MeV to the maximum energy. The two components, the Maxwellian-shaped
component and the non-Maxwellian-shaped component, were observed on the pho-
toneutron spectrum. The Maxwellian-shaped component was mainly observed in the
energy range from 2 MeV to the separation energy (as mentioned in section 5.1),
which is 4.2 MeV, and the non-Maxwellian-shaped component was mainly observed
in the energy range from 4.2 MeV to the maximum energy of each spectrum. This
phenomenon is the same for the data at H150, H120, H60, H30, and V90, as shown
in Figure 5.1.

As shown in Figure 5.11, the magnitude of the spectrum and maximum energy
decrease with decreasing target mass number. The decrease in the magnitude is
reasonable because of the total reaction cross section. Using 17 MeV excitation
photons, the number of emitted photoneutrons of Cu, Fe, and Ti nuclei is smaller

than that of Pb, Au, and Sn nuclei.
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Figure 5.11: Photoneutron spectra of the (v,xn) reaction at H90 with 17 MeV
photons for medium-heavy targets.
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The cross section for the Maxwellian-shaped component (oyay. ), the non-Maxwellian-
shaped component (0pon—max.), and the sum of these two components (ogum) can be
calculated by integrating over the entire solid angle, as Equation 5.11, Equation 5.12,

and Equation 5.13, respectively:

OMax, = 47 * aMfax. (5.11)
Onon—Max. = 47 * 8non—Max., (5.12)
Osum = 47 * (aMax. + &non—Max. ), (5.13)
ratioyax. = UM&X', (5.14)

Osum
rationon— Max., = %, (5.15)

where the values of ay... and ayon_Max. are reported in Table 5.4.

Table 5.7 lists the obtained cross sections (0yfax.; Tnon—Max., and ogum) and ratios
of the obtained cross sections (rationayx., and rationen—max.) for all the targets and
their uncertainties. These ratios were calculated using Equation 5.14 and Equa-
tion 5.15, respectively.

The values of Ozax.; Tnon—Max.; and ogum are plotted in Figure 5.12. According

to the Ramsuer model [57], the total cross section can be expressed as:

or = 2m (R4 A)* (1 — acosf), (5.16)

where

o is the total cross section including absorption and scattering,
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Table 5.7:

Values of OMax., Onon—Max., Tatiopon—max., and ratioy., for the

Maxwellian-shaped component and the non-Maxwellian-shaped component.

Target OMax. Onon—Max. I'atiOMax. I'ationonfMax.
[mb] [mb]
natpy, [ 91.40 + 2.47 | 77.30 + 1.48 | 0.54 + 0.02 | 0.46 + 0.02
97Ay | 64.37 + 1.79 | 52.27 + 1.01 | 0.55 + 0.02 | 0.45 + 0.02
natQn | 38.87 + 1.14 | 40.49 + 0.91 | 0.49 + 0.02 | 0.51 + 0.02
natCy | 19.15 4+ 0.50 | 13.89 £+ 0.33 | 0.58 £ 0.02 | 0.42 £+ 0.02
natRe | 12.62 + 0.33 | 7.38 + 0.20 | 0.63 £+ 0.02 | 0.37 £ 0.02
natTi | 10.80 4+ 0.30 | 2.48 +£ 0.08 | 0.81 4+ 0.04 | 0.19 + 0.01

R = 1yA'/3 is the nuclear radius with ry being the fundamental nuclear radius
and A being the atomic mass number,

A is the de Broglie wavelength,

« is a parameter related to absorbtion, and

B is the phase change between the transmitted and outside waves.
], the total cross section is approx-

Because « is small, in the range 0.11-0.13 |

imated as follows:

or =21 (R+ \),

O—T = r0A1/3 + )\
\/ 2w

The cross sections in Figure 5.12 are fitted with Equation 5.18. o4y, linearly in-

(5.17)

which can be written as

(5.18)

creases with increasing target mass number. The values of onay. and opon_Max. also
increase with increasing target mass number.

The values of ratioyay. and ratioye, wmax. for all targets with 17 MeV photons are
plotted in Figure 5.13. The value of ratio,,_wmayx, increases up to 0.5 with increasing
target mass number, while the value of ratioy.,. decreases from 0.81 down to 0.49.
The increase and decrease of these ratios reach approximately 0.5 and then seem to
remain constant with further increase in the target mass number. This implies that

increasing the target mass number leads to a decrease in the contribution of the evap-
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Figure 5.12: Fitting and values of the obtained cross section for the Maxwellian-
shaped component, non-Maxwellian-shaped component, and sum of both compo-
nents for Pb, Au, Sn, Cu, Fe, and Ti targets with 17 MeV photons. Red, blue, and
magenta lines show fitting curves for the values of gy, OMax, and TponMax-

oration process to the photoneutron spectrum but an increase in the contribution of
the pre-equilibrium and direct processes. These contributions continue decreasing or
increasing until the ratios become constant. However, the non-Maxwellian-shaped
component still includes some amount of the Maxwllian-shaped component. It would
be interesting to study this on the full data set (0 — maximum energy) for various
photon energies.

As shown in Figure 5.13, for the medium-mass nuclei (Cu, Fe, and Ti), there is a
significant contribution from the Maxwellian-shaped component, in which the pho-
toneutrons were mainly generated from the evaporation process. On the other hand,
the non-Maxwellian-shaped component, in which the photoneutrons were emitted
by pre-equilibrium and direct processes, contribute modestly to the photoneutron
spectrum for medium-mass nuclei with of 17 MeV excitation photons.

In cases of the heavy nuclei (Pb, Au, and Sn), the contributions of the two com-
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Figure 5.13: Values of ratioy.x. and ratio,en max. for Pb, Au, Sn, Cu, Fe, and Ti
targets.

ponents to the photoneutron spectrum seem comparable. However, we can observe
an impact of the tail of the Maxwellian fitting shape on the non-Maxwellian-shaped
component in Figure 5.2, which indicates that the amount of photoneutrons emit-
ted by the evaporation process (in the Maxwellian-shaped component) was included
in 0pon—Max.- 1The impact of the tail of the Maxwellian distribution on non_Max.
was 33.18 %. This value was estimated by taking the ratio of the Maxwellian
fitting data to the experimental data for Au at H90. This ratio was calculated
for the non-Maxwellian-shaped component corresponding to the energy range from
4.2 MeV to Eg2x. The data set for neutron energy lower than 2 MeV is necessary
to accurately determine the Maxwellian fitting shape. This is useful to account for
the non-Maxwellian-shaped component accurately by subtracting the Maxwellian-
shaped component from the entire photoneutron spectrum. Although this data set
is not perfect, the cases of Pb, Au, and Sn indicate that increasing the target mass
number results in comparable contributions of the Maxwellian-shaped and non-
Maxwellian-shaped components to the photoneutron spectrum, at approximately

50 %, each.
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Figure 5.13 also provides useful information to choose the target material for the
radiation shielding of electron accelerators. Using the medium-mass targets (Cu, Fe,
Ti), the emission of the Maxwellian neutrons (the Maxwellian-shaped component)
could be larger than that of the non-Maxwellian neutrons (the non-Maxwellian-
shaped component); thus, the shielding of the Maxwellian neutrons is easier than

that of the non-Maxwellian neutrons.
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5.4 Photon energy dependence of photoneutron

spectrum

5.4.1 Photoneutron spectrum for three photon energies

The photon energy dependence of the photoneutron spectrum is discussed in
this section using the data from the second experiment. In this experiment, the
photoneutrons were measured with 14 MeV, 17 MeV, and 20 MeV photons on Au,
Cu, and Ti targets. Before starting the discussion, I checked the consistency between
the data from the first and second experiments for Au with 17 MeV photons, as
presented in section 3.9.

Figure 5.14, Figure 5.15, and Figure 5.16 present the experimental DDXs of the
(7,xn) reaction using 14 MeV, 17 MeV and 20 MeV photons on Au, Cu, and Ti at
three different laboratory angles, horizontally 60°, 90°, and vertically 90°, named
with H60, H90 and V90, respectively. Energy spectra were determined from 2 MeV
to maximum energy, EZ2¢, which was obtained from the photon energy and Q-value.

Here, two components are observed in the energy distribution of DDX for all the
three photon energies: one component is observed in the energy range 2-4.2 MeV,
and the other component is observed in the range from 4.2 MeV to EZ2*. The energy
distribution of the component in the range 2-4.2 MeV, which is produced by the
evaporation process, is comparable to the tail of the Maxwellian distribution; thus,
this component is named the Maxwellian-shaped component. The other component
in energy range above 4.2 MeV is called the non-Maxwellian-shaped component be-
cause, in this range, the photoneutrons does not follow the Maxwellian distribution.

This phenomenon of the energy distribution is identical to that in the data obtained

in the first experiment, as explained in section 5.1.
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Figure 5.14: Neutron spectra from the (v,xn) reaction for Au at H60, H90, and
V90 with different photon energies.
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Figure 5

.14 and Figure 5.15 indicate that the DDX for the horizontal 90° is the

highest. The DDX for the vertical 90° is the lowest. These phenomena are the same

as for the data of Au and Cu targets, which were obtained with 14 MeV, 17 MeV,

and 20 MeV photons.
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Figure 5.15: Neutron spectra from the (v,xn) reaction for Cu at H60, H90, and

V90 with different photon energies.
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Figure 5.16 shows the data of the Ti target for 17 MeV photons; the highest DDX
is at V90, and the lowest DDX is at H90. However, this relationship is opposite
to that for 20 MeV photons; the highest and lowest DDXs are at H90 and V90,

respectively.
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Figure 5.16: Neutron spectra from the (7y,xn) reaction for Ti at H60, H90, and
V90 with different photon energies.
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For the data of Au shown in Figure 5.14, the photoneutron spectra were ob-
served using 14 MeV, 17 MeV, and 20 MeV photons. The obtained maximum
energies (Egj&x) are 6.8 MeV, 10 MeV, and 12.8 MeV, respectively. The magnitude
of the photoneutron spectrum tends to decrease as the photon energy increases from
14 MeV to 20 MeV. This is consistent with the total cross section of the Au(y,xn)
reaction, which is the highest with 14 MeV photons and decreases with increasing

photon energy, as shown in Figure 5.17.
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r—
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Figure 5.17: Cross section of the T Au(v,xn) reaction [31].

In the case of the Cu target, the energy spectra of the photoneutron were mea-
sured with 17 MeV and 20 MeV photons, the EZ3 for which were 6.8 MeV and
10.4 MeV, respectively (as shown in Figure 5.15). For the natural Cu target, con-
taining ®Cu (69.17 %) and %Cu (30.83 %), total cross section of the Cu(y,xn)
reaction is 67.09 mbarn at 17 MeV photon and 54.87 mbarn at 20 MeV; these val-
ues were calculated based on Figure 5.18. However, the number of photoneutrons
obtained at 20 MeV is slightly higher than that obtained at 17 MeV.

Correspondingly, the energy spectra of the Ti target were also observed with
these photon energies. The EZ2* was 6 MeV and 9.6 MeV for 17 MeV and 20 MeV

photons, as demonstrated in Figure 5.16. The number of obtained photoneutrons

decreases with increasing photon energy. This can be explained by the fact that
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Figure 5.18: Cross section of the ®3*Cu(v,xn) reaction [50].

the total cross section at 20 MeV is at the third among the GDR peaks, which are
illustrated in Figure 5.19, while that at 17 MeV is closer to the bottom of the first
peak.

Additionally, it is noted that the angular distribution of photoneutrons also
changes with increasing photon energy. The angular distribution observed with
17 MeV photons is opposite to that observed with 20 MeV photons, as shown in

Figure 5.16.
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Figure 5.19: Cross section of the *Ti(vy,xn) reaction [31].
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5.4.2 Separation energy of DDXs for three photon energies

To determine the separation energy, the DDX data were fit using a Maxwellian
distribution. Figure 5.20, Figure 5.21, Figure 5.22, and Figure 5.23 show the fitting
for the DDX data obtained at H60, H90, and V90 using the 14 MeV and 20 MeV
photons for Au, Cu, and Ti targets. The red lines in these figures are the Maxwellian
fitting curves, and the circular points are the experimental DDX data. For the data
obtained with 17 MeV photons, the fitting was described in section 5.1.

Table 5.8 lists the numerical values of temperature parameters for fitting the
Maxwellian distribution to the DDX data. For the fitting for same target and same
photon energy, the temperature parameters at different angles are not identical.
In addition, when increasing the photon energy, the temperature changed. These
phenomena should be deeply studied with a data set including neutron energy lower
than 2 MeV because such data play an important role in the fitting of the Maxwellian
distribution.

Table 5.8: Temperature parameters of Maxwellian distribution fitting for the
photoneutron spectra of Au, Cu, and Ti targets with 14 MeV, 17 MeV, and 20 MeV
photons.

Temperature [MeV]

Target [ H60 |  H90 V90
E, = 14 MeV

97Au | 1.05+0.18 | 1.0240.14 | 0.62+0.05
E, = 17 MeV

Y7TAu | 0.93+0.1 | 1.0+0.13 | 0.81+0.08

natCy | 1.334£0.21 | 1.74+0.33 | 1.09+0.13

naty | 0.7440.05 | 0.934+0.09 | 0.934+0.08
E, = 20 MeV

7TAu | 0.79+£0.08 | 0.80£0.09 | 0.67+0.06

natCy | 1.1840.18 | 1.09 £ 0.15 | 1.19+40.20

natyi | 1.3540.24 | 1.07+0.15 | 1.2540.20
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Figure 5.20: Photoneutron spectra and Maxwell fitting for the data of an Au
target with 14 MeV photons.
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Figure 5.21: Photoneutron spectra and Maxwellian fitting for the data of an Au
target with 20 MeV photons.
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Figure 5.22: Photoneutron spectra and Maxwellian fitting for the data of an Cu
target with 20 MeV photons.
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Figure 5.23: Photoneutron spectra and Maxwellian fitting for the data of an Ti
target with 20 MeV photons.
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The separation energy was determined using data obtained by dividing the exper-
imental data with the Maxwellian fitting data. Figure 5.24 and Figure 5.25 display
the ratio of experimental data to Maxwellian fitting data. The ratio was approxi-
mately equal to 1 with for data points below 4.2 MeV for all the photon energies.
Thus, the separation energy is set to 4.2 MeV to separate the two components.

In Figure 5.24, for the data on an Au target obtained with 14 MeV and 20 MeV
photons, the ratio at V90 is the highest in the energy range above 4.2 MeV. This
is because the Maxwellian fitting curve for the data at V90 is significantly different
from the fitting curves for the data at H90 and H60. Furthermore, the temperature
parameter of fitting at V90 is quite small in comparison with the parameters at H90
and H60, as reported in Table 5.8. The difference is illustrated in Figure 5.20 and
Figure 5.21.

The separation energy is the same for distinguishing the Maxwellian-shaped
component and the non-Maxwellian-shaped component observed from the (7,xn)
reaction on different nuclei with 14 MeV, 17 MeV, and 20 MeV incident photons.
The experimental data in this study were fit using a Maxwellian distribution in the

energy range 2 MeV — 4 MeV because of the lack of data points below 2 MeV.
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5.4.3 Angular differential cross section

The ADXs of the Maxwellian-shaped component (ADXy,x.) and the non-Maxwellian-
shaped component (ADX, o, max.) Were calculated by integrating the DDXs from

2 MeV to the separation energy, 4.2 MeV, and from 4.2 MeV to E*P

max’

respectively.
Table 5.9 lists the numerical values of the ADXs for the Maxwellian-shaped and
non-Maxwellian-shaped components at H60, H90, and V90 for Au, Cu, and Ti with
the three photon energies.

Table 5.9: Numerical values of the ADXs for the Maxwellian-shaped component
and the non-Maxwellian-shaped component for Au, Cu, and Ti with different photon

energies.

ADXMax. [mb/sr] ADX on—Max. [mb/sr]
Target | E, [MeV] H60 H90 V90 H60 H90 V90
T Au 14 9.8240.76 | 11.824+0.86 | 9.13£0.78 | 6.80£0.51 | 7.1340.49 | 2.97+0.28
17 6.60+0.45 | 7.03+0.49 | 5.46+0.40 | 5.84+0.27 | 7.11£0.30 | 2.95+0.15
20 4.67+0.45 | 5.49+0.52 | 4.264+0.44 | 3.36+0.23 | 3.61+0.22 | 1.60+0.14
nat Cy 17 2.104+0.14 | 2.34+0.16 | 1.77£0.13 | 1.77£0.11 | 1.8640.11 | 0.94+0.07
20 2.9540.25 | 3.2240.27 | 2.66+£0.23 | 2.42+0.14 | 2.714£0.15 | 1.38+0.09
natj 17 1.2540.08 1.434+0.09 1.154+0.08 | 0.214+0.02 | 0.16%0.01 | 0.26+£0.02
20 1.85+0.15 | 2.1540.18 | 1.59+0.13 | 1.074£0.08 | 1.11£0.07 | 0.8840.06

As the Maxwellian-shaped component with the same photon energy is isotropic
neutron emission, the ADXyr.,. at H90, V90, and H60 are expected to be comparable.
Here, these ADXy1.y. values are different. This difference has not been explained in
this study.

The difference is clearly discussed by plotting the values of ADXyjay. and ADX on— Max.
(reported in Table 5.9) in Figures 5.26, 5.28, and 5.30 for Au, Cu, and Ti targets,
respectively. The horizontal axis in these figures represents the angle between the
directions of photon polarization and neutron emission, ©. The © is 0°, 30°, and 90°
corresponding to H90, H60 and V90. Relationship of the © and the angle between
directions of the incident photon and neutron emission was explained in Figure 5.9
and Equation 5.1.

Figure 5.26 shows values of the ADXypax. and ADX,on—Max. Of the Au(y,xn) with

the 14 MeV, 17 MeV for two experiments and 20 MeV photons. Red points in
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Figure 5.26 show the data of 17 MeV obtained in the first experiment. A difference
of two ADX data at 17 MeV is due to inconsistency of the photoneutron spectrum
that is shown in section 3.9. The ADX of the both components decrease with
a higher photon energy. A difference of the ADX values obtained with different
photon energy is calculated as ratio of the ADX at 14 MeV to 17 MeV, ratio of the
ADX at 14 MeV to 20 MeV and ratio of ADX at 17 MeV to 20 MeV, for the both
components. These ratio are expressed in Figure 5.27 for the Maxwellian-shaped
component and the non-Maxwellian-shaped component.

For the Maxwellian-shaped component, ratio of ADX;4/ADX;7 is 1.6 while this
ratio of the non-Maxwellian-shaped component is 1.0. This means the contribution
of the non-Maxwellian-shaped component of 14 MeV data is comparable with that
of 17 MeV data while the GDR peat at 14 MeV. Thus, at GDR peak, 14 MeV,
besides the evaporation process, the photoneutrons which were produced through
pre-equilibrium process still contribute to the obtained photoneutron spectrum. In
addition, the angular distribution of the non-Maxwellian-shaped component change
when increasing the photon energy. The angular distribution of the data at 14 MeV
and 17 MeV starting from difference ADX values at © = 0° but stopping at © = 90°
with the same ADX values.

In comparison of the ADX obtained by 17 MeV and 20 MeV, ratio of ADX;7/ADXs
of the Maxwellian-shaped component is approximate to 1.2 and it is about 1.9 for the
non-Maxwellian-shaped component. On the order hand, the ratio of ADX;,/ADXgy
of the both components are approximate to 2.0. At 20 MeV, the pre-equilibrium
process could be more dominant than the evaporation process. However, from this
observation, the photoneutron produced by the evaporation process can be observed

on the obtained photoneutron spectrum at 20 MeV.
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Figure 5.27: Ratio of ADX values obtained with various photon energies on Au
target for the Maxwellian-shaped component and non-Maxwellian-shaped compo-

nent.
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Figure 5.28 indecate the values of ADXy1.. and ADX,on_nMax. Obtained by the
20 MeV photon are greater than those obtained with the 17 MeV photon for the Cu
target. Number of the photoneutrons in the two components increase with increasing
the photon energy while the reaction cross of the (7,xn) section decreases.

The ratio of ADX;7/ADXyg of the two components are expressed in Figure 5.29.
These ratio are comparable with is their uncertainties, about 0.7, while the ratio of
the total cross section obtained 17 MeV photon to that of 20 MeV photon is 1.22.
Because the photoneutron data in this study do not include the data points lower
than 2 MeV, difference of the ratio of ADX values and the ratio of cross section
is not explained in detail in this study. However, from Figure 5.29, it is indicated
that the angular distribution of Cu data does not change with increasing the photon

energy while the data of Au does not.

- 185 —



5.4. PHOTON ENERGY DEPENDENCE Chapter 5

5 T T T T T 5 T T T T T
nat. 1st-Exp-17 MeV = nat. 1st-Exp-17 MeV =
Cu(y.xn)  ond-Exp-17 Mev O Cu(yxn) ond -Exp-17 Mev @
20Mev A 20Mev A
Maxwellian-shaped component non-Maxwellian-shaped component
4+ - 4 .
R ‘} ‘{; 1 731 .
o] 8 {;
E £, i
X EIJ x
a EI] a)
<2r q]— < 2r lil @ .
; -
5 ¥ . . 3
1t - 1+ . ia
u
O 1 1 1 1 1 O 1 1 1 1 1
0 20 40 60 80 0 20 40 60 80
0} O
O[] O[]
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In case of Ti target, values of the ADXy1ax. and ADX o, max. also increases with
increasing the photon energy, as shown in Figure 5.30. For the non-Maxwellian-
shaped component, the ADX data obtained at 17 MeV in both experiments are
comparable. In addition, the angular dependence of the distribution of the pho-
toneutron obtained at 20 MeV is opposite to that of the 17 MeV data. It means the
angular distribution of the non-Maxwellian-shaped component show the dependence
on incident photon energy.

In Figure 5.31 indicate value of ratio of ADXy5/ADX;7 for two components. Val-
ues of the ADXy,. increase approximately 1.4 times with their uncertainties when
the photon energy increase from 17 MeV to 20 MeV with keeping it distribution.
On the order hand, values of the ratio for the non-Maxwellian-shaped component
are 6.9, 5.11 and 3.31 corresponding to data at © = 0°, 30°, 90°. It also means
the angular distribution of the photoneutron of " Ti(,xn) are significantly changed
when increasing the excitation photon energy. The ADX,,,_max Obtained by 20 MeV
photon strongly increase than data of 17 MeV.

The number of the photoneutrons produced through pre-equilibrium process are
strongly increased with increasing the photon energy from 17 MeV to 20 MeV while
the Maxwellian-shaped component slight increase. This can be imagined that with
low Q-value of Ti, increasing the photon energy leads to increasing the remaining
energy in excited nuclei. It results in probability of photoneutron emission through

pre-equilibrium is in proportion to the remaining energy.
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Figure 5.30: ADX values of the Maxwellian-shaped component and non-
Maxwellian-shaped component for Ti target.
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Figure 5.31: Ratio of ADX values obtained with 17 MeV and 20 MeV on Ti target
for the Maxwellian-shaped component and non-Maxwellian-shaped component.
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5.5 Comparison of DDXs between calculation and
experiment

This section presents and discusses the inconsistency between the experimental
DDX data obtained in this study and the DDX data calculated using PHITS simu-
lation, JENDL/PD-2004, JENDL/PD-2016.1, and CoHjs. For every target used in
this study, the DDX spectra obtained from the measurements at the V90 and H90
detectors were compared with simulation and calculation at the same photon energy
of 17 MeV. The experimental and calculated DDX spectra of "'Pb, 197 Ay, »atSn,
1t Cu, " Fe, and " T1i are plotted in Figures 5.32, 5.33, and 5.34. In these figures,
the black and red data points are, respectively, the experimental data obtained at
the H90 and V90 detectors, where the highest and lowest polarization photon effect,
respectively, were obtained. The black, magenta, red, and blue solid lines show the
DDX spectra calculated using PHITS, JENDL/PD-2004, JENDL/PD-2016.1, and
CoHs. The DDX values for "*Sn, "*Fe, and " Ti were not available in JENDL /PD-
2004.

For Pb (Figure 5.32a), Au (Figure 5.32b), and Sn (Figure 5.33a), the experi-
mental DDX data at neutron energy higher than 4 MeV (the anisotropic region)
are higher than the DDX values obtained from the PHITS simulation and other
calculations.

The energy of emitted photoneutrons strongly depend on the nuclear energy
levels, which were considered in CoHs and JENDL/PD-2016.1. The DDX spectra
produced by two versions of JENDL contain both isotropic components, but the pho-
toneutron production was not calculated with the consideration of the dependence
on the polarization of incident photons.

For Pb, Au, and Sn targets, the DDX spectra obtained from JENDL and CoHjy
were different from the DDX calculated using PHITS (Figures 5.32a, 5.32b, and 5.33a).

For Pb, Au, and Sn, the Q-value for the (7y,xn) reactions is approximately 8 MeV,
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Figure 5.32: Calculated and experimental DDXs of Pb and Au.
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Figure 5.33: Calculated and experimental DDXs of Sn and Cu.
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Figure 5.34: Calculated and experimental DDXs of Fe and Ti.
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as described in Table 4.1. Hence, with the photon energy of 17 MeV, the kinetic en-
ergy of neutrons can be up to 9 MeV, which is visible in the non-Maxwellian-shaped
component. On the other hand, for the Cu, Fe, and Ti targets, the DDXs produced
by theoretical calculations were quite consistent (Figures 5.33b, 5.34a, and 5.34b).
For Cu, Fe, and Ti, the Q-value for the (v,xn) reactions is 10.9 MeV, 11.2 MeV,
and 11.6 MeV, respectively. Hence, the kinetic energy of neutrons can be up to
7 MeV, which is hardly visible on the non-Maxwellian-shaped component because
the Maxwellian-shaped component is more dominant.

For Cu target (Figure 5.33b), the DDX obtained from PHITS, JENDL, and
CoHj within the energy region below 4 MeV (or the isotropic component) are quite
consistent with each other. For the energy region above 4 MeV, the DDX data
obtained from the experiment are larger than the values obtained from PHITS,
JENDL, and CoHs.

For Fe and Ti (Figure 5.34a, 5.34b), the experimental DDX data are quite consis-
tent with the calculated values. The experimental DDX values can be well explained
by the DDX data obtained from JENDL/PD-2016.1 within 2.4 — 5 MeV.

To compare quantitatively, the ADX of photoneutrons obtained from the mea-
surement at the H90 and V90 detectors, JENDL/PD-2004, JENDL/PD-2016.1,
PHITS, and CoHj for neutron energy above 2 MeV were computed by taking the
integral of the DDX data. Figure 5.35 shows these values of the ADX (as expressed
in section 5.2.1) as a function of the atomic number of the target. Black, red, green,
blue, magenta, and cyan, respectively, represent the ADXs of DDX obtained from
PHITS, CoHs, JENDL/PD-2016.1, JENDL/PD-2004, the measurement at H90, and
the measurement at V90. Typically, the ADX values increase with increasing atomic
number. For medium atomic number (Ti, Fe, and Cu), the experimental ADX val-
ues are quite consistent with the calculated ADX values. For high atomic number
(Sn, Au, and Pb), the experimental ADX values are higher than the calculated ADX

values.
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Figure 5.35: Comparison of ADX between experimental and calculated data.

To compare the differences quantitatively, the ratios of the ADX of PHITS,
JENDL/PD-2004, and JENDL/PD-2016.1 to the ADX of the measurement at V90
are listed in Table 5.10. For the Ti target, the ratio is approximately 1.0, which
indicates that the ADXs reproduced from the PHITS and JENDL/PD-2016.1 are
quite consistent with the experimental data at V90.

The ratio of PHITS/V90 for Pb, Au, Sn, and Cu ranges from 0.26 to 0.78
because PHITS generates photoneutrons by the equilibrium process only. Thus,
the non-Maxwellian-shaped component found in the experiment is not expressed
in PHITS. In the case of the Pb, Au, and Sn targets, both JENDL and CoHj
reproduce photoneutrons not only based on the equilibrium process but also the
pre-equilibrium process. The non-Maxwellian-shaped component was reproduced
by JENDL and CoHs, but the DDXs are still lower than the experimental data
at V90. The ratios of JENDL/PD-2016.1/V90 and CoH3/V90 for Cu and Fe are
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greater than 1.0, implying that the DDXs reproduced by JENDL/PD and CoHj are

higher the V90 experimental data.

Table 5.10: Ratio of the ADX data of PHITS, JENDL/PD-2004, JENDL/PD-
2016.1, and CoHjs to the experimental ADX data.

Target | PHITS jygq | JENDL/PD —2004 fygg | JENDL/PD — 20161 Argq | CoHs g
natply 0.30 0.66 0.54 0.43
197 Au 0.33 0.82 0.56 0.47
natSn 0.42 0.96 0.82
natCu 0.89 0.95 1.28 1.20
natFe 1.38 1.52 1.26
naty 1.23 0.93 1.17
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Impact on shielding calculation

The DDXs of the (y,xn) reactions were measured for medium-heavy targets using
polarized photons in the GDR energy region. The Maxwellian-shaped component
and non-Maxwellian-shaped component were identified in the experimental neutron
spectra for all targets, but the non-Maxwellian-shaped component of relatively heavy
targets was underestimated by the calculation codes, as described in section 5.5.

In this chapter, the effect of the photoneutron spectrum on shielding calculation
was studied considering the leakage dose. Below, the calculation is described in
detail. Data for a Pb target, which is commonly used for stopping electron beams,
were chosen as the source neutron spectrum. In addition, the number of obtained
neutrons was the highest for Pb. The experimental neutron energy distribution was
employed for the calculation of the leakage dose for a simple shielding structure,

that is, concrete shielding with various thicknesses.
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6.1 Geometry for the shielding calculation

Figure 6.1 shows the geometry for the concrete shielding calculation using PHITS.
A sphere geometry was used for this calculation. The neutron source was a point
source placed at the center of the sphere, 100 cm away from the inner surface of the
concrete. The shield thickness in the calculations ranged from 0 to 180 cm. The
other parts were considered to be vacuum.

In this calculation, the cut-off energy of neutrons was 1071% MeV. The density
and chemical composition of concrete are listed in Table 6.1. The scoring plane was a
spherical surface, 350 cm away from the neutron source. The particle fluence in units
of [counts/cm?/source] is determined from the scored neutrons on the plane and the
number of incident sources. The physics models were set with the default values.
The input file in the calculation of dose for the Maxwellian-shaped component,

which was discussed in chapter 5, is shown in Appendix B. The computation of the

400 - I - u T |
200 Concrete Shielding
E Neutron source
S, 0
=
Plane for surface
—200 crossing tally
—-400 ] ] 1 | I ]
-400 -200 0 200 400

z [cm]

Figure 6.1: Calculation result of the spatial distribution of neutron flux with the
geometry for shielding calculation.
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dose of the total component including the Maxwellian-shaped component and the
non-Maxwellian-shaped component (as discussed in chapter 5) is similar to that of
the Maxwellian-shaped component, except the parameters in the [Source] section of

the input file. They were changed as described in section 6.2.

Table 6.1: Chemical composition and density of concrete.

Concrete Density: 2.302 g/cm?
Element Weight fraction

0 2.30B-02
C 2.30E-03
O 1.22
Na 3.68E-02

Mg 5.00E-03
Al 7.80E-02
Si 7.75E-01
K 2.99E-02
Ca 1.0E-01
Fe 3.2E-02

Neutrons from the source were attenuated when passing through the shielding
material. After passing through the material, the number of neutrons as a function of
energy was scored on the outer surface of the material. The number of neutrons was
converted to a neutron dose by multiplying with the dose conversion coefficient of an
effective dose for the anteroposterior (AP) geometry, given in ICRP publication 116
[59]. In the input file, the [Multiplier] section was used for dose estimation using the
dose conversion factor. In the dose calculation, the neutron energy region between

107 MeV and 10 MeV was divided into 25 steps.
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6.2 Source neutron spectrum

The neutron spectra of the evaporation component (Maxwellian shape) and
total component were applied for shielding calculations. The spectrum of the total
component was generated by combining the experimental photoneutron data at
H90, which were measured on a Pb target with the 17 MeV photons and fit using a
Maxwellian distribution. The data at H90 were chosen in this calculation because
the maximum DDX was obtained at H90, as shown in Figure 5.1.

To define the evaporation component in the shielding calculation, the Maxwellian
fitting was performed to determine the fitting parameters of the Maxwell function.
Figure 6.2 shows the Maxwell fitting curve for the H90 data of Pb, which were
measured with 17 MeV photons. Using the fitting result, the Maxwell function is

obtained as Equation 6.1 with E, that is the neutron energy in MeV.

E E

The evaporation component was modeled by using Equation 6.1. Figure 6.3
shows the neutron source spectra for the calculation. Red points show the data of
both the evaporation component and non-Maxwellian-shaped component, called the
total component in this calculation. Black points are the data of the Maxwellian-
shaped component. Below 2 MeV, the data points of the total component were
obtained from the fitting equation, Equation 6.1, because there were no experimental
data for this energy range.

In the input file, the [Source] section is used to initialize the parameters of the
source. e-type = 22 was set to produce an energy distribution of the total component
for the source, and the direction of source emission was 47 (dir = all). The energy
distributions of the source correspond to the energy distributions shown in Figure 6.3

for the both the components.
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Figure 6.2: Fitting off the H90 data of a Pb target obtained with 17 MeV photons.
The red line is the fitting curve, and the open circle points are the experimental data.
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Figure 6.3: Neutron energy distributions determined by fitting the experimental
data for shielding calculations.
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6.3 Results and discussions

6.3.1 Neutron spectrum

Figure 6.4 shows the calculation results for the neutron spectra with the different
shielding thicknesses for the evaporation component (black points) and the total
component (red points).

When the thickness of the concrete shield was increased, the flux was reduced
owing to the attenuation of neutrons in the shield. In Figure 6.4, the neutrons in the
non-Maxwellian-shaped component region lose their energy and create differences in
the lower energy part with increasing the shielding thickness. Finally, the spectral
shape became quite similar for thicknesses of 120 ¢cm or higher. In this condition,
the spectral shape was in equilibrium, and only the magnitude was different. This
difference is shown in Figure 6.5. This figure indicates the ratio of flux of the total
spectrum to that of the evaporation spectrum with different shielding thicknesses.
For energy higher than 6 MeV, the ratios of different thicknesses are comparable,
while the ratios increase from approximately 1 to 2 approximately for energy lower

than 6 MeV.
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Figure 6.4: Neutron energy spectrum after neutrons passed through different
shielding thicknesses.
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Figure 6.5: Ratio of flux of the total spectrum to that of the evaporation spectrum
with different thicknesses.
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6.3.2 Attenuation of dose

Figure 6.6 shows the ratio of dose between for the total component and the
Maxwellian-shaped component. The contribution from the non-Maxwellian-shaped
component, which was obtained by subtracting the Maxwellian-shaped component
from the total component, became significant with increasing shielding thickness.
According to this calculation, as the thickness was increased from 0 to 180 cm, the
dose ratio of the total component to the Maxwellian-shaped component increased
from 1.26 to 2.47 and then saturated. This fact implies that the dose could be
underestimated by a factor of almost 2.5 with increasing shielding thickness if we
use a simple Maxwellian-shaped spectrum for shielding calculation.

It should be noted that the ratio was obtained for the worst-case scenario be-
cause the non-Maxwellian-shaped component decreased with variation on the di-
rection of polarization, and bremsstrahlung photons have a broad energy distri-
bution that changes the ratio of the non-Maxwellian-shaped to the Maxwellian-
shaped components. In this work, we used horizontally polarized photons, for
which the non-Maxwellian-shaped component was the highest. In the shielding
design, bremsstrahlung photons were generated, and the ratio can be reduced by
70% by using these unpolarized photons. This value was estimated from the ratio
bnon—Max. /8non—Max, for the Pb target in Table 5.4 and Equation 5.2. According to
Equation 5.2, ADXax = a + b and ADX,,,;, = a- b with © = 0 and 7/2, respectively.
For bremsstrahlung photons, which are unpolarized photon, the ADX is the average
of ADX ax and ADX i, ADX e = a. In this study, bpon Max./@non—Max, = 0.4;
thus, ADX,..x = a + 0.4a. It is estimated that the ratio of the effective dose may

be reduced approximately ADX,ye;/ADX 0 = 1/1.4 = 0.7 (70%).
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Figure 6.6: Ratio of the dose calculated from the total component to that calcu-
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Conclusion

In this thesis, I studied neutron anisotropic emission from photonuclear reactions
in GDR energy region. Two experiments were performed at NewSUBARU, BLO0O1
with monoenergetic polarized photons. The first experiment aimed to clarify target
mass dependence of the photoneutron spectrum; thus, the DDX was obtained for
Pb, Au, Sn, Cu, Fe, and Ti targets with 17 MeV polaried photons. In addition, a
second experiment was performed to discuss the photon energy dependence of the
photoneutron spectrum. The DDX data were measured for Au (14 MeV, 17 MeV,
and 20 MeV), Cu (17 MeV and 20 MeV), and Ti (17 MeV and 20 MeV).

In both the experiments, the photoneutrons were detected by NE213 detectors
placed at six laboratory angles. PSD and ToF techniques were employed to select
neutron events and determine the neutron energy. The raw data sets were analyzed
event by event. The neutron yield was normalized with the number of photons, the
photon attenuation and the neutron attenuation, target atom, detection efficiency,
and solid angle for the DDX.

The DDX of the photoneutron production reaction was obtained for all targets
with polarized photon energies of 14 MeV, 17 MeV, and 20 MeV. The data spanned
the energy range from 2 MeV to the maximum energy. Data for energies less than

2 MeV were not recorded, owing to insufficient detection efficiency. Maxwellian-
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shaped and non-Maxwellian-shaped components were found on the neutron spec-
trum for all targets with all three energies. The separation energy to distinguish
the two components, 4.2 MeV, was the same for all the targets and photon ener-
gies. The DDXs facilitate the development and validation of photonuclear reaction
models used in particle transport simulations, which have been used for the design
and operation of electron accelerator facilities. It is desirable to obtain DDXs for
energies lower than 2 MeV, which were not obtained in this study, because the data
are necessary to determine the total Maxwellian-shaped component.

The angular distribution was discussed for 17 MeV photons. The angular distri-
bution of photoneutrons exhibits the highest value at horizontal 90° for Pb, Au, Sn,
Cu, and Fe; however, it exhibits the lowest value at this angle for Ti. This indicates
that the angular distribution for Ti is opposite to that for the other targets. The
angular distribution was parameterized using the fitting function a + b cos(20).
The parameters a and b were obtained for each target and component.

A coefficient of the second-order Legendre polynomial, as, which describes the
component of angular dependence from photonuclear reactions with bremsstrahlung
photons, was deduced from the DDXs. The numerical values of a; for Ti and Sn
targets were measured for the first time in this study. The ay values in Cu and Fe
were consistent with the results obtained in previous studies, while the ay values of
Pb and Au were smaller than the results reported in previous studies.

The target mass dependence of the photoneutron spectrum was discussed in
relation to the DDX of Pb, Au, Sn, Cu, Fe, and Ti targets obtained with 17 MeV
photons. The number of the obtained photoneutrons of Cu, Fe and Ti nuclei is
smaller than that of Pb, Au, and Sn nuclei. In medium-mass nuclei (Ti, Fe, and
Cu), the contribution of the Maxwell-shaped component was larger than that of
the non-Maxwellian-shaped component; this was revealed through analysis of the
obtained cross section (o). On the order hand, for Sn, Au, and Pb, the contributions

of the two components were comparable, approximately 50%, on the photoneutron
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spectrum. The obtained cross section was fitted using a linear function of A3,

For the photon energy dependence of the photoneutron spectrum, the DDX data
at H60, H90, and V90 were used to discuss the photon energy dependence. Typi-
cally, the magnitude of the photoneutron spectrum increases with increasing photon
energy. For Au and Cu, the maximum DDX value was at H90, while the mini-
mum DDX was at V90; this was the same for all three photon energies. For data
of Ti obtained with 20 MeV photons, the maximum DDX value was at H90, and
the minimum DDX was at V90, this was opposite to that obtained with 17 MeV
photons. For Au, at the GDR peak, 14 MeV, in addition to the evaporation pro-
cess, photoneutrons produced through pre-equilibrium processes still contribute to
the obtained photoneutron spectrum. From the observation in this study, the pho-
toneutrons emitted through the evaporation process can still be observed at 20 MeV,
which is close to the bottom of the GDR peak. For Cu, the ADX of both compo-
nents increased with increasing the photon energy, while the total cross section of
the (7y,xn) reaction decreased. For Ti, the ADX values strongly increased with in-
creasing photon energy, especially for the non-Maxwellian-shaped component. The
angular distribution was discussed based on the ADX at © = 0°, 30°, and 90°. The
angular distribution of the photoneutrons in the non-Maxwellian-shaped component
changed with increasing photon energy, except for the Cu target. The shape of the
angular distribution of the neutron data obtained at 17 MeV was opposite to that
of 20 MeV data.

The DDXs were also calculated using PHITS code and extracted from nuclear
data files for comparison with the experimental data. Using PHITS version 3.20,
the DDXs were calculated with a geometry similar to the experiment setup, where
the target had a cylindrical shape 5 ym in diameter and thickness. The effects of
the photon width, abundance of isotopes in the target, and neutron energy resolu-
tion were considered in the extracted DDXs. These calculations indicate that the

Maxwellian-shaped component, which was attributed to the evaporation process,
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was reproduced by PHITS and theoretical models, while the non-Maxwellian-shaped
component was not reproduced by the PHITS calculation. The agreement between
nuclear data files (JEND-2004, JENDL/PD-2016.1, CoH3) and experimental data
was markedly better than the agreement between PHITS and the experimental data.
Improvement in the physical models could be studied to generate a neutron spectrum
consistent with the experimental data.

As the calculated photoneutron spectrum was inconsistent with the experimen-
tal spectrum, neutrons can be underestimated when designing radiation shielding
for electron accelerators. In the present study, the effect of the photoneutron spec-
trum on shielding design was investigated based on the experimental data of the
Pb(~,xn) reaction with 17 MeV polarized photons. The Maxwellian-shaped and
non-Maxwellian-shaped components were observed in the experimental photoneu-
tron spectrum. Based on the spectral data, neutron spectra for the Maxwellian-
shaped component alone and the total component were determined for the shielding
calculation. The neutron dose was calculated using these two neutron spectra. The
ratio of doses for the total component to the Maxwellian-shaped component alone
increased with shielding thickness and reached 2.5 for a concrete thickness of 180 cm.
This result implies the requirement of either a nuclear reaction model or database
to reproduce a photoneutron spectrum including the non-Maxwellian-shaped com-

ponent for the shielding calculation of an electron accelerator facility.
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Appendix A

Comparison of DDX data for Cu

and Ti from two experiments
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Figure A.1: DDX results of Cu at H150 obtained in both experiments.
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Figure A.2: DDX results of Cu at H120 obtained in both experiments.
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Figure A.3: DDX results of Cu at H90 obtained in both experiments.
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Figure A.4: DDX results of Cu at V90 obtained in both experiments.
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Figure A.5: DDX results of Cu at H60 obtained in both experiments.
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Figure A.6: DDX results of Cu at H30 obtained in both experiments.
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Figure A.7: DDX results of Ti at H150 obtained in both experiments.
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Figure A.8: DDX results of Ti at H120 obtained in both experiments.
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Figure A.9: DDX results of Ti at H90 obtained in both experiments.
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Figure A.10: DDX results of Ti at V90 obtained in both experiments.

14 - Ti|—17M(|anhlotonI Firlstexﬁerimelnt-H6IO o« |
Second experiment-H60 O

12 .

B 1t ]
>
()
2 08¢} } i
O
E oo
é 06_ .
B o4t %i -
¢
0.2 ngij =
o
o9 q .
0 | | |

2 3 4 5 6 7 8 9 10 11 12
Neutron Energy [MeV]

Figure A.11: DDX results of Ti at H60 obtained in both experiments.
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Figure A.12: DDX results of Ti at H30 obtained in both experiments.

223



Appendix B

Input file in dose calculation using

PHITS

[Title]
Shielding Calculation [Experimental photoneutron data of Pb material, Maxwellian-

shaped Component, thickness = 30cm]

[Parameters]
ientl = 0 $ (D=0) 3:ECH 5:NOR 6:SRC 7,8:GSH 11:DSH 12:DUMP
itall = 1 § (D=0) O:no tally at batch, 1:same, 2:different
maxcas = 1e6 § (D=10) number of particles per one batch
maxbch = 50 § (D=10) number of batches
rseed = 1111111
file(6) = phits.out $ (D=phits.out) general output file name
file(7) = /phits/data/xsdir.jnd
file(14) = /phits/data/trxcrd.dat
file(20) = /phits/XS/egs
inclg =1 $ (D=1) 0: no, 1:INCL for p,n,pi,d,t,3He,alpha, 2:p,n,pi only
icthi = 1 § (D=1) 0: Shen, 1: NASA, 2: KUROTAMA
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icxsni = 0 $ (D=0) 0: Pearlstein-Niita, 1: KUROTAMA, 2: Sato
ipnint = 1 $ (D=0) photonuclear GDR, 1:analog, -1:implicit
e-mode = 0 $ (D=0) 0: Normal, 1: Event generator mode
emin(2) = le-10 § cut-off neutron [MeV]

emin(14) = 3 $ cut-off gamma [MeV]

infout = 8

[Source]
totfact = 1.0 $ (D=1.0) global factor
s-type = 1 $ mono-energetic axial source

proj = neutron $ kind of incident particle

e-type = 22

ne = 30

$Energy lower $ Energy upper $Weight
0.2 0.6 6.45E-01
0.6 1.0 9.63E-01
1.0 14 1.08E+00
14 1.8 1.07E+00
1.8 2.2 1.00E+00
2.2 2.6 8.97E-01
2.6 3.0 7.81E-01
3.0 3.4 6.66E-01
3.4 3.8 5.60E-01
3.8 4.2 4.64E-01
4.2 4.6 3.81E-01
4.6 5.0 3.10E-01
5.0 5.4 2.51E-01
5.4 5.8 2.02E-01
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5.8 6.2

6.2 6.6
6.6 7.0
7.0 7.4
7.4 7.8
7.8 8.2
8.2 8.6
8.6 9.0
9.0 9.4
9.4 9.8
9.8 10.2
10.2 10.6
10.6 11.0
11.0 11.4
114 11.8
11.8 12.2

r0 = 0.0 $ radius [cm]

1.61E-01
1.28E-01
1.02E-01
8.05E-02
6.35E-02
4.99E-02
3.91E-02
3.06E-02
2.38E-02
1.86E-02
1.44E-02
1.12E-02
8.69E-03
6.73E-03
5.20E-03
4.02E-03

x0 = 0.0000 $ (D=0.0) center position of x-axis [cm]

y0 = 0.0000 $ (D=0.0) center position of y-axis [cm]

z0 = 0.000 $ minimum position of z-axis [cm]

dir = all $ z-direction of beam [cosine]

[Material]
$ Concrete
m1l
-0.023
C -0.0023
-1.22
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Na -0.0368

Mg -0.005
Al -0.078
Si -0.775
K -0.0299
Ca -0.1
Fe -0.032

set: ¢1]200.0] $ diameter of shielding
set: ¢3[30.0] $ thickness of shielding
set: ¢5[10.0] $ thickness of monitor [cm)]
set: ¢6[700]

set: c20[4*pi*(c6/2)*(c6/2)]

[Surface]
1 so 800
$ Shielding
2s0c¢l/2
3 so0 [c1/24-c3]
$ Monitor
4 s0 [c6/2]
5 so [c6/24ch]
6 so [c1/24¢3]
7 s0 [c6/2]

[Cell]
100 0 -1 #101 #102 #103
101 1 -2.302 2 -3 § shielding

102 0 4 -5 $ monitor
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103 0 6 -7 $ vacuum
999 -11

[Multiplier]$ Dose conversion coefficient for neutron ICRP116
number = -201
interpolation = log
ne = 43
1.0E-9 3.09
1.0E-8 3.55
2.5E-8 4.00
1.0E-7 5.20
2.0E-7 5.87
5.0E-7 6.59
1.0E-6 7.03
2.0E-6 7.39
5.0E-6 7.71
1.0E-5 7.82
2.0E-5 7.84
5.0E-5 7.82
1.0E-4 7.79
2.0E-4 7.73
5.0E-4 7.54
0.001 7.54
0.002 7.61
0.005 7.97
0.01 9.11
0.02 12.2
0.03 15.7
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0.05 23.0
0.07 30.6
0.141.9
0.15 60.6
0.2 78.8
0.3 114
0.5 177
0.7 232
0.9 279
1.0 301
1.2 330
1.5 365
2.0 407
3.0 458
4.0 483
5.0 494
6.0 498
7.0 499
8.0 499
9.0 500
10.0 500
12.0 499

[T-Track]
title = [t-track] in xyz mesh
mesh = xyz
y-type = 2
ymin = -400.00000
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ymax = 400.00000

ny = 800
x-type = 1
nx = 1

-1.00000E+01 1.00000E+01
z-type = 2

zmin = -400.00000

zmax = 400.00000

nz = 800

e-type = 2

emin = 0.000000

emax = 10000.00

ne =1

unit = 1

material = all

2D-type = 3
axis = yz
file = yz.out

part = neutron photon

gshow=3
epsout = 1
[T-Cross]|

title = Energy spectrum of neutron crossing surface
mesh = reg $ mesh type is region-wise

reg = 1 $ number of crossing regions

r-from r-to area

103 102 c20
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part = neutron

e-type = 4 $ e-mesh is log given by emin, emax and edel
edel = 0.4

emin = 1.e-9

emax =1.0e+1

axis = eng $ axis of output

unit = 1 § unit is [1/cm2/source]

output = flux $ surface crossing flux

file = dose.out $ file name of output for the above axis
epsout = 1 § (D=0) generate eps file by ANGEL

y-txt = Effective dose [Sv/h]

multiplier = all $ number of material group

part = neutron

emax = 1000.0

mat msetl

all (1.0 -201)

angel = ymin(1.0e-8) ymax(1.0e2)

[T-Cross|
title = Energy spectrum of neutron crossing surface
mesh = reg $ mesh type is region-wise
reg = 1 $ number of crossing regions
r-from r-to area
103 102 c20
part = neutron
e-type = 4 $ e-mesh is log given by emin, emax and edel
edel = 0.4 $ width of e-mesh points

emin = 0.2 $ minimum value of e-mesh points
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emax = 10.2 $ maximum value of e-mesh points

axis = eng $ axis of output

unit = 1 $ unit is [1/cm2/source]

output = flux $ surface crossing flux

file = flux.out $ file name of output for the above axis

epsout = 1 § (D=0) generate eps file by ANGEL
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