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Abstract

“Energy plus Transmutation” is an international project for the study of
spallation reactions, neutron production and transport, and the transmuta-
tion of fission products and higher actinides by spallation neutrons. The
“Energy plus Transmutation” setup consists of a thick, lead target with a
subcritical, natural uranium blanket surrounded by polyethylene shielding.
A detailed study of the spatial distribution of the neutron field produced
in four separate irradiations with protons with kinetic energies of 0.7, 1.0,
1.5, and 2.0 GeV is presented. The neutron field was measured by means of
activation detectors.

The experimental results are compared with Monte-Carlo calculations,
performed with the MCNPX 2.6.C code. The simulated quantities are spatial
distributions and energy spectra of neutrons and protons produced in the
setup, yields of radioactive isotopes produced in activation detectors, and the
integral numbers of neutrons produced in the whole setup per one incident
proton. The theoretical description by MCNPX agrees qualitatively well
with the experimental results; the exception is in the case of bigger proton
beam energies, where the high-energy neutron production is underestimated
for backward angles.

Key words: spallation reactions, neutron production and transport, neu-
tron activation analysis method, y-spectroscopy, the Energy plus Transmu-
tation setup, the MCNPX code



Abstrakt

“Energie plus Transmutace” je mezinarodni projekt, ktery se zabyva studiem
tristivych reakci, produkce neutronu a jejich transportu, dale transmutace
stépnych produkti a vyssich aktinidi. Experimentalni sestava se sklada z
tlustého olovéného terce s podkritickou obalkou z piirodniho uranu. Jako
stinéni je pouzit polyetylén. V této disertacni praci jsou popsany vysledky
meéreni neutronového pole produkovaného pii ozafovani sestavy protonovym
svazkem o energiich 0,7 — 2,0 GeV. Neutronové pole bylo méfeno pomoci
aktiva¢nich detektoru.

Experimentalni vysledky byly porovnany se simulacemi Monte Carlo prove-
denymi programem MCNPX verze 2.6.C. Simulovanymi veli¢inami jsou pros-
torova a energeticka rozlozeni neutronu a protonu, déle vytezky radioizo-
topu produkovanych v aktivaénich vzorcich a jako globalni charakteristika
celkovy pocet neutronu produkovanych v sestavé. Vysledky simulaci jsou
v dobré kvalitativni shodé s experimentem, MCNPX pouze podcenuje pro-
dukci vysokoenergetickych neutront do zpétnych uhlu v pripadé experimentu
s vysSSimi energiemi protonového svazku.

Klicova slova: spalac¢ni reakce, produkce a transport neutronu, metoda
neutronové aktivacni analyzy, spektroskopie zafeni gamma, sestava Energie
plus transmutace, program MCNPX
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Introduction

Transmutations of long-lived actinides and fission products from nuclear
waste, plutonium from nuclear weapons, or thorium (as an energy source)
are being investigated with increasing interest in the last two decades. Differ-
ent concepts of transmutation involve also the Accelerator Driven Systems
(ADS) [1, 2] based on a subcritical nuclear reactor driven by an external
spallation neutron source (chapter 1).

This work is a part of a complex research of ADS carried out within the
frame of the “Energy plus Transmutation” project that concerns the study of
spallation reactions, neutron production and transport, and transmutation
of fission products and actinides by spallation neutrons. This thesis describes
measurement of the high-energy neutron field produced in the experiments
performed on the proton beams with kinetic energies of 0.7, 1.0, 1.5, and
2.0 GeV. While investigations of high-energy neutron domain (F, > 10.5
MeV) were not of high interest in the past, because of its minor importance
for classical light-water nuclear reactors, they will be important for ADS and
spallation neutron sources as well as for radio-isotope protection issues in
future high-energy facilities, or radiation damage in space. Reliable predic-
tions of the relevant physics processes strongly depend on the accuracy of
available nuclear data.

The experiments have been performed using the Nuclotron accelerator
at the Veksler and Baldin Laboratory of High Energies at the Joint Insti-
tute for Nuclear Research (JINR) in Dubna, Russian Federation (chapter 3).
Relativistic protons interacting with a thick, lead target induced spallation
reactions and intense neutron fluxes were created. Emitted neutrons were
multiplied by fission inside the blanket (a competitive process that can occur
in the blanket is neutron capture). The spatial and energetic distributions
of the produced neutron field were measured by means of activation reac-
tions in mono-isotopic activation samples. Their activities were measured
with the HPGe spectrometers at the Dzhelepov Laboratory of Nuclear Prob-
lems at JINR Dubna (of short-lived radioisotopes) and at the Department
of Nuclear Spectroscopy at the Nuclear Physics Institute of the Academy of
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Sciences of the Czech Republic (NPT AS CR PRI) in Rez (of long-lived ra-
dioisotopes). The yields of the radioactive nuclei produced in these samples
were determined with the respect to all necessary spectroscopic corrections
(chapter 4).

Experimental results (chapter 5) were compared with MCNPX simula-
tions (chapter 6) with the aim to test its applicability to describe physics
processes occurring in such a setup, the accuracy of the model descriptions
and the cross-section libraries included in MCNPX and to check the differ-
ences between various MCNPX configurations.

12



Chapter 1

Accelerator Driven Systems

(ADS)

1.1 Transmutation

Nuclear transmutation’ is a process in which the structure of an atomic nu-
cleus changes. When changing the number of neutrons, the nucleus’ physics
properties change (e.g., half-life, activity, radiation energy), in the case of the
change in the number of protons, the nucleus obtains also different chemical
properties (e.g., reaction rate, chemical coupling). Apparently, appropriately
induced transmutations could be used to decrease the half-lives of long-lived
radioisotopes (Table 1.1) included in the high level waste that is being pro-
duced during the nuclear fuel burnup in nuclear reactors. Radioactive nuclei
are being produced during the operation of nuclear reactors in two ways.

e Fission products are being generated by the fission of 2°U or #Pu in
classical or fast nuclear reactors. Fission products are mostly slightly
above the line of (-stability. To transmute them to stable nuclides,
they should capture one or more neutrons and then undergo (-decay.

e Higher actinides or transuranic elements, representing about 1% of
spent fuel, are being generated by the neutron capture within nuclei of
25U, 238U, or °Pu and their resultant 3-decays. To transmute higher
actinides to stable nuclides, they should undergo neutron capture and
consecutive fission, which is a process that produces energy and makes
the transmutation attractive from the point of view of energetics.

Historical note: In 1919, E. Rutherford [3], as the first, demonstrated transmutation on
example of 14N + o —170. In 1932, J. D. Cockroft and E. T. S. Walton [4] demonstrated
the first accelerator-driven transmutation. They bombarded Li-target with 125-500 keV
protons (from linear accelerator) and “transmuted” Li-nucleus into two a-particles.

13



CHAPTER 1. ACCELERATOR DRIVEN SYSTEMS (ADS)

Table 1.1: Fission products and higher actinides contained in nuclear burned up
fuel, which are expected for transmutation. The amounts are annual waste pro-
duction (after ten years of decay) from a typical commercial reactor (3 GW power,
with fuel burned to 33 GWdays per ton with the annual removal of 33 metric tons
uranium equivalent of spent fuel per year) [6]).

Fission product | Half-life [years] | Amount [10%3 atoms] | Activity [Bq]
™Se 1 x 10° 13 3 x 1010
908y 30 900 7 x 1016
Bzr 2 x 10° 1500 2 x 1012
9T 2 x 10° 1500 2 x 1013
126Gy 1 x10° 46 1 x 102
1297 2 x 107 270 4 x 1010
137Cs 30 1400 1 x 1017
Higher actinide | Half-life [years] | Amount [10% atoms] | Activity [Bq]
ZTNp 2 x 10° 366 4 x 101
2T Am 400 413 2 x 1015
2B Am 7 x 103 73 2 x 1013
21 Cm 20 13 2 x 1015
238py 90 113 3 x 101
Z39py 2 x 10% 4160 4 x 10
240py 7 x 103 1920 6 x 104
2py 10 640 1 x 10%7
22py 4 x 10° 390 2 x 1012

As follows from the previous paragraph, we use the concept of “trans-
mutation” in the meaning of a conversion of radioisotopes with long half-
lives to short-lived or stable ones. The transmutation can be effectively
done by means of the placement into an intensive neutron field?>. Even
large neutron flux densities in a classical nuclear reactor (typically ¢ ~ 10
neutrons-cm~2-s71) are not efficient enough for transmutation purposes. Re-
quired flux for ADS should be at least two orders bigger [6] to enable con-
version of nuclei with low absorption cross-sections and a few-step capture
process in the case of higher actinides. To meet such requirements, the
spallation reactions on a thick target can be used as an intensive source of
neutrons®. Spallation neutron sources are already being used for material
research and industry [10] or in medicine for radiotherapy [11].

2The use of photons or charged particles is being examined as well, but the use of
neutrons appears the most practical [5].

30ther possibilities to produce intensive neutron fluxes for ADS purposes are for ex-
ample: the electron induced neutron production (via bremsstrahlung photons) [7, 8] or
the fusion of deuterium and tritium catalyzed by a negative muon [9].

14



CHAPTER 1. ACCELERATOR DRIVEN SYSTEMS (ADS)
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Figure 1.1: The scheme of a spallation reaction (according to [17]).

Figure 1.2: The scheme of an intra-nuclear cascade generated by a proton in
a heavy nucleus with the impact parameter b. The solid circles represent the
positions of collisions, the open circles represent the positions forbidden by the
Pauli exclusion principle. The short arrows indicate “captured” nucleons, which

contribute to the excitation of the nucleus (taken from [18]).
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CHAPTER 1. ACCELERATOR DRIVEN SYSTEMS (ADS)

1.2 Spallation

The spallation reaction? is a process in which a light projectile (proton,
neutron, or light nucleus) with kinetic energy from several hundreds of MeV
to several GeV interacts with a heavy nucleus (e.g., lead) and causes emission
of a large number of hadrons (mostly neutrons) or fragments. Spallation has
three stages [19]: intra-nuclear cascade, pre-equilibrium stage, and evapora-
tion or fission, see Fig. 1.1.

The intra-nuclear cascade (INC) is a fast direct stage (~ 10722 s),
see Fig. 1.2. As the de Broglie wavelength of the ~ 1 GeV projectile is
~ 1 fm, it interacts with individual nucleons in the target nucleus (instead
of creating a compound nucleus). The projectile shares its kinetic energy
with target nucleons by elastic collisions and a cascade of nucleon-nucleon
collisions proceeds.

At low projectile energies (~ 100 MeV), all interactions occur just be-
tween nucleons and the process is called nucleon cascade. Gradually, with
growing incident particle energy, the threshold energies for particle produc-
tion in nucleon-nucleon collisions are being exceeded. Initially, pions come
up (at energies of about hundreds of MeV), at bigger energies (~ 2 — 10
GeV) heavier hadrons are being produced. They can also participate in the
intra-nuclear cascade and interact between each other, what is called hadron
cascade. Particles that obtained energy high enough to escape from the nu-
cleus are being emitted mainly in the direction of the incident particle. The
rest of the energy is equally distributed among nucleons in the nucleus which
is left in a highly excited state.

The intra-nuclear cascade is not sharply separated from the equilibrium
decay. In a pre-compound stage (< 1071 s), the pre-equilibrium emission
can happen®. In the course of this stage, fast particles or fragments may be
emitted after each interaction between the incident or other cascade particle
and a nucleon inside the nucleus. The energies of pre-equilibrium particles
are greater than energies of particles emitted during the equilibrium decay.

Finally, the equilibrium stage comes up. Energy is equally distributed
throughout the nucleus that is in a highly excited state with small angular

4Historical note: The observations of particle cascades in cosmic rays interactions
have been done already in 1930’s [12]. (The thermal neutron flux density induced by
cosmic-ray-protons is ~ 107 — 1073 neutrons cm~2 s~! at the Earth’s surface [13].) The
first accelerator-driven spallation reactions have been discovered by B. B. Cunningham at
Berkeley [14] in 1947. Theoretical description was given soon after by Serber [15]. W. H.
Sullivan and G. T. Seaborg made up the term “spallation” in the same year [16].

SFor bigger beam energies and especially in heavy-ion collisions [20], multi-
fragmentation (production of many fragments of relatively small charges) or breakup into
individual particles are possible as well.
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CHAPTER 1. ACCELERATOR DRIVEN SYSTEMS (ADS)

momentum. The nucleus loses its energy by evaporation of neutrons or
light charged fragments (e.g., deuterons, a-particles) with energies up to
~ 40 MeV (which is the nuclear potential well depth [21]). The particles are
emitted isotropically (in contrast to INC, see Fig. 1.3).

Competitive process to evaporation is fission (into two fragments similar
in proton number). Fission products also undergo evaporation (depending
on their excitation energy). When the nucleus does not have energy enough
to emit neutrons (its excitation energy becomes smaller than the binding
energy), it deexcites by (-and ~y-transitions.

Two aspects of major importance in spallation reactions are residual nu-
clei (or spallation products) and emitted neutrons (or spallation neutrons).

1.2.1 Spallation products

The spallation products spread out in two regions of the chart of the nuclides,
see Fig. 1.4. The upper right part corresponds to the heavy proton-rich
residues produced from evaporation (spallation-evaporation products), the
central part corresponds to the medium-mass residues produced from fission
(spallation-fission products).

The spallation products can be measured using two methods: direct [23,
24] or inverse kinematics [25].

In direct kinematics, a relativistic light projectile hits a heavy target.
The spallation products, which stop in the target, can be detected using
~v-spectroscopy and mass spectrometry. This method has the possibility to
measure the yields of the meta-stable states of residual nuclei, it can use
radioactive targets, and it consumes less beam time. On the other hand, it
is impossible to measure the yields of very long-lived, stable, and very short-
lived nuclei, and the off-line yields measurements are more time consuming.

In the case of inverse kinematics, a relativistic heavy nucleus hit a
light target. The spallation products leave the target in forward direction
and using the appropriate technique (e.g., the magnetic spectrometer FRS
(FRagment Separator) [26] equipped with an energy degrader, two posi-
tion scintillator detectors, multiple-sampling ionisation chambers, multiwire-
proportional counters) can be identified immediately in flight.

1.2.2 Spallation neutrons

The neutrons produced in spallation reactions can be characterized by their
energy and spatial distributions and multiplicity.

17
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d’6/dQdE (mbarn/MeV/sr)

‘ Energy (MeV) ‘

Isotropic emission Anisotropic emission

Figure 1.3: Neutron production double-differential cross-sections in reactions of
1.2 GeV protons on a thin Pb target (thickness of 2 cm). Each successive curve
(from 160 °) is scaled by a factor of 10 with decreasing angle. Points are experimen-
tal values (measured at the SATURNE accelerator), histograms represent Bertini
INC calculations (full lines) or INCL calculations (dotted lines). In order to obtain
enough statistics, the emission angle in simulations was taken as £2.5°, while the
experimental aperture was +£0.43° for £, > 200 MeV and between +0.71° and
+0.81° for lower neutron energies (according to [22]).
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Figure 1.4: The cross-sections for residual nuclei production in the 2°Pb (1 AGeV)
+ p reaction. The distribution of the isotopes produced is shown on a chart of the
nuclides, where black open squares represent stable nuclei, the magic proton and
neutron numbers are indicated. Spallation-evaporation products and spallation-
fission products are separated by a minimum of cross-sections at Z = 58 + 3.
About 900 isotopes were identified, the total reaction cross-section amounts to
oot = (1.87 £0.23) b (according to [25, 27]).

Neutron spectra® can be decomposed into four components, each of
which represents a single physics process leading to neutron production [28§]
(see Fig. 1.5):

d?c

3
d0dE :Alexp(_Eﬁl) +22Aiexp(—§.) +

+ Aq exp [— <E‘;/—elel>2} + Ajnel €xXp [— (%)2] ,(1.1)

where the evaporation component, cascade component, quasi-elastic com-
ponent (correspond to peripheral collisions when neutron is ejected after
one elastic collision), and quasi-inelastic component (the same as the latter,
but leaving the partner nucleon excited to the A-resonance) stand in this

6The double differential cross-section ddS;TUE is defined as the number of neutrons that

are scattered into the solid angle interval (2, Q + d?) and into the energy interval (E,
E + dFE). It is normalized to df2, dE.
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Figure 1.5: Neutron production double-differential cross-section in reactions of
0.8 GeV protons on a thin Pb-target. The upper part is averaged over angles
0 —5°, lower part is averaged over angles 140 — 160°. The symbols give the results
of INCL+Dresner simulation: stars stand for cascade component, open circles for
evaporation. The thick curve represents the fit of the results by formula (1.1),
thin curves represent various components: full curve — evaporation, dotted and
small-dashed curve — cascade, long-dashed curve — quasi-inelastic, and dot-and-
dashed curve — quasi-elastic components. The thick dashed curve (in the lower
part) represents the fit when only one exponential in the cascade component of
formula (1.1) is leaved in (taken from [28]).
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CHAPTER 1. ACCELERATOR DRIVEN SYSTEMS (ADS)

sequence. Of course, the quasi-elastic and quasi-inelastic components are
inconspicuous at backward angles (see the lower part of Fig. 1.5).

The quantity Fe (FEine) is the average energy of the neutrons that are
ejected after a single (in)elastic collision induced by the incident proton. The
quantity Fi,e(0°) differs from the incident energy because of the Fermi mo-
tion of the struck nucleon (and the influence of the Pauli blocking, which
may inhibit the collision). The quantity W, reflects the “width” of this
Fermi motion (with the influence of the Pauli blocking). The width Wiy is
dominated by the width of the produced A-particle, which is much larger
than the width of the Fermi sea. The physics meaning of the width parame-
ters Ej o3 is not obvious. The parameters E; and amplitudes A; depend on
the target mass (in the case of U-target, it is necessary to take into account
also extra neutrons emitted by the excited fission products).

The fact that the cascade component cannot be fitted by one exponential
function (which is indicated in the lower part of Fig. 1.5) reflects the
process complexity. On the other hand, it can be perceived as a surprise
that the multiple collision part of the cascade could be simply described by
two exponentials.

The experimental results of energy and spatial distributions of the neu-
trons produced in spallation reactions show the same trends, see Fig. 1.3.
The quasi-elastic and quasi-inelastic contributions disappear above 25 °. Neu-
trons with energies from 3 to 400 MeV have been detected by the time-of-
flight technique (the time difference between the incident proton, tagged by
a plastic scintillator, and a signal from a neutron-sensitive liquid scintillator)
[29]. Neutrons with energies bigger than 200 MeV (where the TOF resolu-
tion is poor) have been detected using (n,p)-scattering on a liquid hydrogen
converter and reconstruction of the proton trajectory in a magnetic spec-
trometer [30]. The angular distribution of neutrons have been measured by
an additional collimation system.

It is also interesting to compare the neutron spectra when different beam
projectiles are being used (at the same energy per nucleon), because the
cascade initiated by two nucleons are not additive [28]. The yields of high-
energy neutrons (F, > 500 MeV for Fyeam = 800 AMeV) are significantly
larger in deuteron-induced reactions than proton-induced ones, see Fig. 1.6.
This is because of the stripping process, which involves a strong interaction
between deuteron and target nucleus and dissociation of deuteron, when
only one of the two particles making up the deuteron interacts directly with
the target nucleus [31] (contrary to the deuteron breakup — dissociation of
deuteron due to the Coulomb field of a target nucleus [32]). Neutrons with
lower energies are slightly less abundant in deuteron-induced reactions than
twice in proton-induced ones.
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Figure 1.6: Neutron production double-differential cross-section in reactions of 0.8
GeV protons (full line; multiplied by a factor of 2) and 1.6 GeV deuterons (dashed
line) on a thin Pb-target. The upper part is integrated over all angles, the lower
part is averaged over angles 0 — 5° (the contribution of the stripping process is
even more remarkable for forward angles). Results of INCL+Dresner simulation
(taken from [28]).

The integral number of neutrons produced per one incident particle is
called multiplicity. Neutron multiplicity as a function of the beam energy
and target material shows roughly linear dependence on the target mass
number (in the range 12 < A < 238) and slow increase with incident proton
energy (in the range 0.2 < E, < 2 GeV). The semi-empirical formula [28]:

M, (E,[GeV], A) = (0.0803 4 0.0336In(E,))A (1.2)
gives better than 10% accuracy for A > 40, see Fig. 1.7.
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Figure 1.7: Neutron multiplicity per incident proton as a function of beam energy
(upper part) and (thin) target material (lower part). Results of INCL+Dresner
simulation (taken from [28]).

It is also interesting to compare the share of cascade and evaporation neu-
tron components. Broadly speaking, the evaporation contribution is more
important than the cascade one (by a factor of 2 for £, > 1 GeV; its impor-
tance is reduced at lower energies) [28]. The cascade component is roughly a
linear function of target mass number and only weakly depend on proton en-
ergy, see upper part of Fig. 1.8. The evaporation component is also almost
a linear function of target mass number but it depends much more on proton
energy, see lower part of Fig. 1.8. This is connected with the excitation
energy left in the target nucleus after INC, which increases (slightly less than
linearly) with the incident energy [28], see Fig. 1.9.
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Figure 1.8: Neutron multiplicity as a function of (thin) target material. Split into
cascade (upper part) and evaporation components (lower part). Open symbols
refer to the values of the incident energy, with the same convention as in the
previous figure. Results of INCL+Dresner simulation (taken from [28]).

1.2.3 Spallation reactions on thick targets

In the case of a thick target, high-energy particles escaping from the nucleus
in the course of INC can induce further spallation reactions and generate
inter-nuclear cascade. It relates mainly to neutrons because they do not
lose their energy by ionization losses. Thus, among all emitted particles,
they penetrate deepest into the target material. For some target materi-
als, low-energy spallation neutrons (i.e., low-energy cascade plus evaporation
neutrons) can enlarge neutron production by (n,zn)-reactions.
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Figure 1.9: The excitation energy left in the target nucleus after INC in proton-
induced reactions at several incident energies as a function of target mass (taken
from [28]).

Globally, the incident proton induces the production of a large amount of
neutrons (Fig. 1.13) with wide energy spectra (Fig. 2.1). These neutrons
can be used for transmutation of relevant nuclei. The neutron multiplicity
for thick targets depends on the projectile-target combination.

Besides protons, other light nuclei or hadrons beams have been inves-
tigated. The deuteron-induced spallation reactions on thick targets were
explored theoretically [33] using the LAHET+MCNP codes. Neutron pro-
duction in deuteron-induced reactions is bigger than in proton-induced ones
by a factor of 1.3-2.5 for light targets and small beam energies, but it is more
or less the same (within 10%) for heavy targets and bigger beam energies
(Fig. 1.10), which are considered for ADS purposes.
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Figure 1.10: Neutron multiplicity as a function of target material for 200, 500,
1000 MeV protons and deuterons. A thick target (cylinder with equal length and
diameter given by two ranges for protons depending on incident energy) was used
for LAHET+MCNP simulation (taken from [33]).

A set of experiments with 3.65 AGeV light nuclei beams was carried out
at JINR Dubna [34] in 1980’s with conclusion that the number of neutrons
produced per one incident proton as well as the power consumption for neu-
tron generation are slightly preferable for light nuclei (*H, “He) to protons,
while neutron production for heavier projectiles (}2C) decrease because of
higher Coulomb potential. But this is valid for beam energies > 3 AGeV
only; the ionization losses of ions increase significantly for beam energies
around 1 GeV, which is expected optimal energy region for future ADS.

Recent experiments carried out at CERN [35] show that the proton-,
antiproton-, charged pion-, positive kaon-, and deuteron-induced reactions
in the energy range of 1-6 GeV result in very similar neutron multiplicities,
see Fig. 1.11. So, the neutron multiplicity is relatively independent of the
incident hadron species.
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Figure 1.11: Neutron multiplicity as a function of beam energy (for different beam
particles) on thick lead (length of 35 cm, diamater of 15 cm) and uranium (length
of 40 cm, diamater of 8 cm) targets. The curves connect the data points (taken
from [35]).

Regarding target parameters, its material and size are those which de-
termine the neutron multiplicity. In principle, the heavier target nucleus
the larger amount of neutrons is being produced. The gain factor between
heavy and light targets is around a factor of five [27], however, the radiotox-
icity induced in the spallation target could be significantly reduced when
using lighter targets [33]. Neutron multiplicity can be increased by using of
a fissile material. In addition, important parameters of target material are
thermal conductivity, caloric receptivity, melting and boiling points [37].

Moreover, the target should have such a size — typically cylinder with
diameter of 10 cm and thickness of tens of cm (e.g., range of 1 GeV protons
in thick tungsten target is about 30 cm, in lead target about 55 cm, see
Fig. 1.12) that at once it incepts the main part of the high-energy cascade,
and let spallation neutrons escape (see author’s simulations in section 6.3.3).

Neutron multiplicities can be investigated using a liquid-scintillator de-
tector with large angular acceptance, e.g., the 47 BNB (Berlin Neutron Ball)
detector [39] and the ORION detector [40] consist of a spherical shell filled
with liquid scintillator (which slow the produced neutrons by scattering with
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collaboration [39].
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Figure 1.13: Neutron multiplicity as a function of target thickness and beam energy

for Pb, Hg, W target materials. All targets were 15 cm in diameter (taken from
[39]).

H and C nuclei) loaded with Gd that capture the moderated neutrons. The
scintillator light is being registered with a set of photomultipliers distrib-
uted on the surface of the shell. Experiments with different target materials
and sizes show that neutron multiplicity saturates at a given target thick-
ness, which increases with the proton energy, see Fig. 1.13 (compare with
author’s simulations in section 6.3.2).
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Figure 1.14: Numbers of neutrons with E, < 10.5 MeV (normalized per one
incident proton and per unit of proton energy) escaping from the whole surface of
the cylindric Pb-target (radius = 10 cm, length = 60 cm) in dependence on the
incident proton energy (given in logarithmic scale): full circles represent Monte-
Carlo calculations [36], the curve is drawn through the points to guide an eye;
open symbols stand for experimental data: triangle [41], circle [42], square [43] -
recounted from W to Pb (taken from [36]).

Besides multiplicity, an important quantity is the neutron cost, i.e., the
number of produced neutrons normalized per one incident particle and per
unit of its energy. Monte-Carlo simulations of neutron cost on thick, lead
target as well as various experimental data show that the optimal proton en-
ergy for maximum neutron yield favourable for ADS purposes can be reached
around 1 GeV [36], see Fig. 1.14 (compare with author’s investigation in
section 6.3.3).
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1.3 Transmutation concepts

The ADS principle based on a subcritical nuclear reactor driven by an ex-
ternal spallation neutron source was designed to produce fissile material and
has already been suggested in the late 1940’s.

The production of large amounts of neutrons by high-power accelerators
became possible after the Lawrence’s invention of a cyclotron in 1929. After
participating the Manhattan Project, E. O. Lawrence brought in the idea of
the accelerator as a neutron source with the intention to produce fissionable
material. His MTA project (Materials Testing Accelerator) began at the
Lawrence Livermore National Laboratory in California in 1950 [44]. He pro-
posed to irradiate various thick targets (U, Be, Li) by protons and deuterons
to measure the cross-sections, neutron yields, and the feasibility of convert-
ing the fertile (depleted uranium or thorium) to fissile material (39Pu, 233U).
This was the first motivation, because the USA were dependent on foreign
uranium sources. The MTA project was closed a few years later when rich
domestic uranium ores were found in the Colorado plateau.

During next decades, investigations important for the estimation of ef-
ficiencies of various modes of transmutation were performed. For example,
neutron yields and spectra in lead and uranium targets irradiated by relativis-
tic protons [34, 45] and nuclei [46] and neutron cross-sections for a number
of isotopes have been measured in JINR Dubna.

The first quite conceptual and complex study of the radioactive waste
transmutation has started at the end of 1980’s at JAERI (Japan Atomic En-
ergy Research Institute). A long-term program for research and development
on nuclide partitioning and transmutation technology was called OMEGA
[47] (Option Making Extra Gains from Actinides and Fission Products). This
program initiated the global interest in transmutation topic that started from
the beginning of 1990’s.

At that time, two main projects have been published. C. Bowman from
LANL (Los Alamos National Laboratory) created a detailed concept of the
Accelerator Transmutation of Waste (ATW) [6] using thermal neutrons.
He suggested the use of a linear accelerator with a high-intensive proton
current (~ 250 mA) of 1.6 GeV energy.

C. Rubbia from CERN (Conseil Européen pour la Recherche Nucléaire
= European Council for Nuclear Research) proposed a basic concept of the
Energy Amplifier [48], also called Accelerator Driven Energy Produc-
tion (ADEP). As the name implies, it does not pay interest to the disposal
of radioactive waste directly. The motivation for ADEP is similar as for
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the MTA project. This idea is based on the use of 232Th” as a fuel for the
production of fissile 233U:

n+232Th 2 233ThL233Pa6—_>233U.
22 m 27d

It reckons with a use of a 1 GeV cyclotron with smaller beam current than
in LANL (12.5 mA) for transmutation by fast neutrons. In the case of using
the Energy Amplifier for waste transmutation, the fast neutrons could fission
all higher actinides, while the thermal neutrons in a classical nuclear reactor
do not fission many of them.

Another idea of using waste as the fuel is called the Accelerator Based
Conversion of plutonium (ABC). It is a proposal of burning ?*Pu from
struck nuclear warhead [51].

1.4 Advantages and disadvantages of ADS

Besides the elimination of the nuclear waste and energy generation, another
advantage of ADS is its safety. The fissile material in ADS will have a com-
position such that a chain reaction could not run there and neutrons will be
generated from an external source (i.e., from spallation reactions in the tar-
get). Therefore, a nuclear accident caused by an uncontrolled chain reaction
will be foreclosed. In any case, transmutations will not be the final solu-
tion of nuclear waste problem. We will not be able to transmute completely
all long-lived radioactive waste, so permanent storage in deep, underground,
geologically-stable repositories will be necessary anyway. Nevertheless, the
ADS could significantly decrease the volume of radioactive waste.

The main project problem of the accelerator driven facility is its size and
high technologic requirements to run it. It is not possible to build a small,
functional facility that could verify our assumptions. There exists a number
of possibilities of how a real accelerator driven facility could look. However,
the properties of eventual project will considerably influence its efficiency. If
the facility were poorly designed, it would lead to a significant loss. There-
fore, we must be able to describe the transmutation and related processes
with a very high level of confidence. We should be able to describe as per-
fectly as possible the course of the spallation reactions between protons and
target nuclei, the spatial and energetic distributions of the produced neutron

"Thorium is about three times more abundant element in the earth’s crust than ura-
nium. Particularly, India and Australia, thanks to their large reserves of thorium, plan to
base their nuclear power programs on thorium [50].
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field, the transport of neutrons (through various materials) which follows the
spallation, and the probabilities of individual isotope transmutations.

1.5 Main experiments concerning ADS

Therefore, lot of projects all around the world have been established to carry
out experiments for nuclear data acquisition, complement of the cross-section
libraries, testing the accuracy of models describing spallation and transmu-
tation reactions. The aim of such investigations is to design the optimal
parameters of accelerator, beam, target, and blanket.

In European scale, several projects to verify the fundamental physics prin-
ciple of ADS were established, e.g., n_ TOF [52], FEAT (First Energy Ampli-
fier Test) [53], and TARC (Transmutation by Adiabatic Resonance Crossing)
[54] in CERN; SATURNE [55] and MUSE (MUltiplication Source Externe)
[56] in France; TRADE (TRiga Accelerator Driven Experiment) [57] and
TRASCO (TRAsmutazione SCOrie) [58] in Italy; MYRRHA (Multi-purpose
hYbrid Research Reactor for High-tech Applications) [59] in Belgium; SPAL-
ADIN in Germany [60]; YALINA [61] in Belorussia; the HINDAS project
(High and Intermediate energy Nuclear Data for Accelerator-driven Systems)
[62] using six facilities throughout the Europe.

One of such places, where the investigation of ADS has been intensively
carried out is also JINR Dubna. Currently, several directions of this research
are being evolved there, see next four sections.

1.5.1 The Gamma project

The Gamma project is an instrument to study spallation neutron production
by GeV protons on a thick, heavy target and the influence of moderator on
the produced neutron field [63]. The setup consists of a thick target (Pb,
U) of the diameter d = 8 c¢cm and the length [ = 20 c¢cm surrounded by
moderator. Until now, several experiments have been carried out with the
paraffine moderator of the thickness of 6 cm (Gamma-2 setup). It is the best
possible moderator, but technically useless because of low melting point and
flammability.

The first experiment on the new setup called Gamma-MD (M stands for
Minsk, D stands for Dubna) with the Pb-target of the length | = 60 cm
and graphite moderator (technologically usable) of a cubic size (110 x 110 x
60 cm?) was carried out in March 2007 with 2.33 AGeV deuteron beam.

The low-energy neutron spatial distribution is being measured by the
activation sensors of ¥9La with (n,y)-reaction. Transmutation of higher ac-
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tinides and fission products in moderated neutron field is also being studied
[64]. Thanks to the simple setup geometry, the experimental results from
Gamma-2 and Gamma-MD experiments are useful for testing the accuracy
of high-energy codes (see section 2).

1.5.2 The cross-sections measurements

The Phasotron accelerator is being used to study the cross-sections of the pro-
ton reactions (F, = 660 MeV) on thin targets of fission products (*?°T), nat-
ural uranium [65], and higher actinides (**"Np, **'Am [66], 2*°Pu). Thanks
to the usage of direct kinematics technique (see section 1.2.1), many iso-
topes produced with wide spectrum of half-lives (from minutes until years)
have been observed. The comparisons with computer codes have been per-
formed [67] to check the theoretical models. The plan is to continue in the
cross-section measurements and to carry out experiments with 232Th, 28Pu,
23517

1.5.3 The SAD project

The SAD project [68] is a plan to construct the facility consisting of a re-
placeable spallation target (Pb, W) with a subcritical MOX blanket (UOy +
PuO,), using also the Phasotron accelerator. The motivation is to study the
neutron production in such a setup (spectral and angular flux distributions),
prompt neutrons life-time, effective fraction of the delayed neutrons, spalla-
tion product yields, power release, fission rates of actinides, transmutation
rates of fission products, shielding efficiency, and accuracy of the computer
codes and the nuclear databases used for calculations of the ADS character-
istics. Final design is not given yet, preparation of equipments and theoret-
ical calculations of the setup parameters are in progress [69]. The technical
realization of the project was held up when Sweden withdrawed from the
contract.

1.5.4 Energy plus Transmutation

“Energy plus Transmutation” (E+T) is a wide international collaboration
(scientists from Armenia, Australia, Belorussia, the Czech Republic, Ger-
many, Greece, India, Mongolia, Poland, Russia, Serbia, Ukraine) under the
leadership of M. I. Krivopustov at LHE JINR. It uses the setup of the same
name (Fig. 1.15, 1.16) consisting of a 28.66 kg thick lead target with a
206.4 kg deep-subcritical (keg = 0.202 [97]) natural uranium blanket sur-
rounded by a polyethylene shielding (the whole assembly mass is 950 kg),
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Figure 1.15: Front view (left) and cross-sectional side view (right) of the “Energy
plus Transmutation” setup. Dimensions are in millimeters.

Figure 1.16: Photos of the “Energy plus Transmutation” setup (left) and the
Pb/U-target/blanket assembly (right).
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for details see section 3.2. The complex investigation within the frame of the
E~+T project pursues:

e transmutation of fission products and higher actinides (refined from
burned-up nuclear fuel) by spallation neutrons [70-73, 81-83]

e the spatial and energetic distributions of spallation neutrons by the
activation analysis method using Al, Au, Bi, Co, Cu, Dy, Fe, In, La,
Lu, Mn, Nb, Ni, Ta, Ti, and Y sensors (neutron capture for thermal,
epithermal, and resonance component, threshold reactions for fast com-
ponent of neutron spectra) [85, 88, 91, 93, 96], solid state nuclear track
detectors [74, 75, 76], nuclear emulsion techniques [77], and He-3 pro-
portional counters [78];

e tests of the accuracy of the computer codes for calculation of neutron
spectra and transmutation yields [87, 92, 95].

Before the E4+T setup was completed, several experiments with simpler
setups made of a lead or tungsten target (Table 1.2) optionally surrounded
by a moderator (Table 1.3) were carried out using proton beams.

Six irradiations of the full E4+T setup have been performed until now,
on the proton beam with energies of 0.7, 1.0, 1.5, 2.0 GeV (Table 1.4) and
deuteron beam with energies of 0.8 AGeV and 1.26 AGeV (Table 1.5).

This thesis describes measurements of spatial distribution of neutron field
produced in the E4+T proton experiments. Personally, the author partici-
pated (prepared the experiment and participated in irradiations and mea-
surements) in the 0.7, 1.0, 2.0 GeV proton and 0.8, 1.26 AGeV deuteron
experiments using the E4+T setup, and the 660 MeV proton experiment at
the bare Pb-target.

The author analysed fully the 885 MeV proton experiment on the Pb-
target surrounded by moderator, the 1.0 and 2.0 GeV experiments using the
E+T setup. The 0.7 GeV experiment was analysed mainly by O. Svoboda
[98] (the author was a consultant of his diploma thesis), the 1.5 GeV ex-
periment was analysed mainly by F. Kfizek [99] (the author recalculated his
results using additional correction factors). The author has done the system-
atics of the E+T proton experiments and compared the experimental results
with MCNPX simulations. The author studied the influence of precision in
a setup description on neutron production in the experiments with thick tar-
gets surrounded by a moderator [84]. A detailed study of the influence of
individual components of the E+T setup was performed by M. Majerle [97].
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Table 1.2: Proton experiments with a bare target.

Proton energy [GeV] 1.5 13 ] 25 0.66
Date [dd-mm-yy] 25-06-98 | 21-06-00 14-12-03
Irradiation time [h:m] 8:35 3:17 | 2:02 0:10
Proton flux [10*7] 0.186 | 2.77 | 4.07 158
Target material W Pb Pb
diameter [cm] 2.0 9.6 9.6
length [cm] 60 48.6 45.2
Accelerator Synchrophasotron Phasotron
Published [79, 80] 83] (86, 90]
Range [cm] (from [159)]) 53 79 | 172 30

Table 1.3: Proton experiments with a target surrounded by a moderator.

Proton energy [GeV] 1.5 0.885
Date [dd-mm-yy] 24-06-98 05-11-99
Irradiation time [h:m] 3:56 2:03
Proton flux [10%7] 8.9 3.46
Target material Pb Pb
diameter [cm] 9.6 9.6
length [cm] 50 50
Moderator material polyethylene polyethylene
dimensions [cm?] 106 x 106 x 111 106 x 106 x 111
Accelerator Synchrophasotron | Synchrophasotron
Published [80] (84, 88|
Range [cm] (from [159]) 93 47

Table 1.4: Proton experiments with the E+T setup.

Beam energy [GeV] 0.7 1.0 1.5 2.0
Date [dd-mm-yy] 27-06-04 | 30-11-03 | 11-12-01 | 27-06-03
Irradiation time |[h:m] 8:51 6:03 12:03 7:43
Proton flux [10%7] 1.52 3.30 1.14 1.25
Range [cm] (from [159]) 33 55 93 132
Published 98] [96] [93]

Table 1.5: Deuteron experiments with the E4+T setup.

Beam energy [AGeV] 1.26 0.8
Date [dd-mm-yy] 30-11-05 | 18-12-06
Irradiation time [h:m] 8:00 6:47
Deuteron flux [10%7] 0.61 2.45
Published [153] [154]
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1.5.5 Plans for future

Usual frequency of the E4+T experiments is one or two times per year. Goals
for future are to repeat one of the already performed experiments (i.e., the
same energy and beam particle) to test if we get the same results and the
setup can really provide worthwhile data, carry out experiments with bigger
deuteron beam energies (up to 2.0 AGeV), carry out experiment without
moderator, carry out experiment with the E4+T setup with extended Phb-
target and U-blanket [71] or a Pb+Bi eutectic (an alloy of 44.5% of lead and
55.5% of bismuth) as a target. Another proposal is suggested in section 6.2.2.

Further plans are connected with a helium-jet transport system [100] of
fission-products. Such a system has capability to quickly transfer short-lived
isotopes, with help of a helium flux, from their source to a detector. Uranium
foils (with a thickness of 6 mg.cm™2) in a cell on the target surface will be
irradiated by spallation neutrons. The fission products (beside Xe, Kr) will
be caught up by a chemical filter on the exit of the cell. The flux of helium
will transport Xe and Kr from the cell into a Cu-pipe cooled in liquid nitrogen
(Thon = 77 K), where Xe (Thon = 165 K) and Kr (7,01 = 120 K) will be frost.
The aim is to measure the production of Xe and Kr isotopes, their daughter’s
products, and fission products from the chemical filter.
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Chapter 2

Simulations of high-energy
nuclear reactions

As mentioned above, there is a strong need of simulation codes for ADS
assembly projection. Several simulation codes and combinations of these
codes (e.g., LAHET [101] and MCNP [102], MCNPX [103], FLUKA (FLUk-
tuirende KAskade) [105], HETC (High Energy Transport Code) [106], NMTC
(Nucleon Meson Transport Code) [107], NUCLEUS [142], INCL (Liege INC)
[108], SHIELD [109], CASCADE [110], CEM (Cascade-Exciton Model) [111],
LAQGSM (Los Alamos Quark-Gluon String Model) [112], GEM (General-
ized Evaporation Model) [113], GEANT4 [114], JAM (Jet AA Microscopic
Transport Model) [115], MARS [116], TIERCE [117], BRIEFF [118]) ex-
ist, which describe spallation reactions, interactions of secondary particles,
and the following neutron transport through the target material. They are
based on the mathematical Monte-Carlo method and they use various physics
models of spallation reactions and cross-section libraries of neutron-induced
reactions.

2.1 The Monte-Carlo method

The Monte-Carlo method [119] is a numerical technique used for simulating
the behavior of various systems (from economics to particle physics) more
complex than we otherwise can. In contrast to deterministic algorithms
(used by other codes, section 2.3), it is a stochastic method. It is based
on an executing of many random experiments (with a model of a system).
The essential point is to have a high-quality generator of pseudo-random
numbers (it is not necessary to use really random numbers). The result is a
probability of some effect.
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In particle reaction and transport tasks, individual particles trajectories
are being simulated. To determine if an event occurs, the probabilities of
possible physics processes (i.e., cross-sections) are used and random numbers
are generated depending on the probability distributions for every case. The
result of the particle life (so-called history) is being stored for the following
assessment of average particle behaviour.

The statistical accuracy of results depends on the number of trials given
to the simulation. The statistical error approximately matches inverse square
root, of the number of histories. That means, to reduce the error by a factor of
two, the number of histories must quadruplicate. Accurate enough results for
complex ADS systems are achievable in reasonable time thanks to the use of
fast parallel computers, which can generate many events simultaneously [89].

2.2 The MCNPX code

Formerly, our group used a combination of the LAHET plus MCNP codes.
LAHET (Los Alamos High Energy Transport Code) [101] can model spal-
lation reactions and transport of nucleons, pions, muons, antinucleons with
the energy £ > 20 MeV. LAHET generates cross-sections for individual
processes. MCNP (Monte Carlo N-Particle Transport Code) [102] is able to
model the transport of neutrons (and photons and electrons) in an energy
range 1071 MeV < E < 20 MeV. It uses libraries of evaluated data as a
source of the cross-sections.

Currently, I use the MCNPX (MCNP eXtended) code [103] and our whole
group is a member of the MCNPX [-tester team. MCNPX improves and
links the advantages of both LAHET and MCNP. MCNPX has been under
continuous development since 1994 and it was first released to the public in
1999 as version 2.1.5 [120]. MCNPX supports 34 particle types, the ability to
calculate interaction probabilities directly with physics models for energies
where tabular data are not available.

MCNPX simulation of spallation reaction consists of three stages (see also
section 1.2) and for each of them a special model is used. The first stage is
the Intra-Nuclear Cascade (INC) on which a pre-equilibrium stage concurs.
This is followed by an equilibrium evaporation that competes with a fission
channel (fission fragments undergo an evaporation stage that depends on
their excitation energy). After evaporation, a de-excitation of the residual
nucleus follows, generating gammas. MCNPX enables to choose different
models for description of individual stages of the spallation reaction.
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2.2.1 Intra-nuclear cascade models

INC models (Bertini [121], Isabel [122], CEM [111], INCL4 [123]) describe
interactions between an impinging particle and target nucleons during intra-
nuclear cascade as a sequence of binary collisions (valid if the incident particle
wavelength is smaller than a mean distance between nucleons of the target
nucleus, thereto, a mean free path of the incident particle in the target nu-
cleus is greater than the inter-nucleon lengths) separated in space and time.
The trajectory between collisions is assumed to be linear.

The collisions proceed until a certain degree of equilibrium is reached.
The criterion used in the INC model of Cugnon (INCL4) is an empirical
time of equilibrium (so-called cutoff time ., ~ 30 fm/c [124] that allows five
sequential nucleon-nucleon interactions on the average), which was deduced
from a clear change of the calculated quantities (like the integral number of
emitted particles, their total kinetic energy or the excitation energy of the
residual nucleus).

In the Bertini-type model (Bertini, Isabel) the equilibrium criterion is
deduced from the energy of the fastest particle remaining in the nucleus (so-
called cutoff energy Te,), which should be smaller than the nuclear potential
well depth (=~ 40 MeV [21]).

The CEM code uses a criterion for the escape of a primary particle from
the cascade stage via the effective local optical potential Wopt mod(r) deter-
mined from the local interaction cross-sections, including the blocking effects
due to the Pauli exclusion principle. This imaginary potential is compared
with “experimental” potential Wypt.exp(r) determined in terms of the phe-
nomenological global optical model by using data on elastic scattering by a
nucleus. The convergence degree of imaginary potentials is determined via
the parameter P = |(Wopt.mod(”) — Wopt.exp(T))/Wopt.exp(r)|. If P exceeds
an empirically selected value (= 0.3), the particle escapes from the cascade
stage, becoming an exciton. With the selected P-value, the cascade part of
the code becomes shorter than in other cascade models [125].

The nuclear density distribution is approximated by a step-function dis-
tribution (as a function of target radius), where the densities in regions with
constant density (three for Bertini, seven for CEMO03, 16 for Isabel) are fit-
ted to the folded Saxon-Woods shape. In INCL4, the Saxon-Woods density
distribution is used and cut at the radius described with a diffuseness pa-
rameter. Fermi motion of the nucleons and the quantum effects of Pauli
blocking are taken into account. High-energy parts above the range of INC
physics usability are taken from FLUKA [105].
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2.2.2 Pre-equilibrium models

Pre-equilibrium models (Multistage Preequilibrium Exciton Model [126], Mod-
ified Exciton Model [127]) describe the process of energy equalization as a
sequence of two-particle interactions, whereas the nucleus is, in each phase
(i.e., after each interaction), defined as the number of particles and vacancies.
This description of a nucleus is called the exciton model (an exciton is either
a nucleon excited above the Fermi level or a vacancy under the Fermi level).

The exciton model solves the master equation® describing the equilibra-
tion of the excited residual nucleus that remains after the cascade reaction
stage. While, the master equation of MPM neglects angular distributions of
pre-equilibrium particles, MEM includes momentum and angular momentum
conservations of the nuclear system at the pre-equilibrium and equilibrium
evaporation stages. MPM considers only nuclear transitions in the direction
of equilibration (change of An = 42 in the exciton number). MEM takes
into account all possible nuclear transitions (An = +2,—2,0), considering
all possible positions of particlehole pairs with respect to the Fermi level
(An =0).

The nucleus comes near to the equilibrium particle-whole configuration
with each interaction of incident or cascade particle with other nucleons.
When the equilibrium state is reached, the pre-equilibrium model is replaced
by evaporation model.

2.2.3 Evaporation and fission models

Evaporation models (Dresner [128], ABLA [129]) describe the equilibrium
decay of an equilibrium nucleus with the excitation energy reached at the
end of the pre-equilibrium stage. The probability of the nucleus decay into
a certain channel depends on level densities in a final channel and on the
probability of a passage through the energy barrier.

As a competitive process to equilibrium decay, high-energy fission can
happen. MCNPX includes two models of residual nuclei fission: ORNL (Oak
Ridge National Laboratory) model [130] for actinides with Z > 91 and RAL
(Rutherford Appleton Laboratory) model [131] which covers fission of ac-
tinides and subactinides with Z > 71.

LA master equation is a phenomenological set of first-order differential equations de-
scribing the time evolution of the probability of a system to occupy each one of a discrete
set of states.
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2.2.4 Data libraries

MCNPX exploits the LA150 data library [132] of evaluated neutron and pro-
ton cross-sections up to 150 MeV, which have been developed at Los Alamos
National Laboratory using experimental data as well as nuclear reaction mod-
els in the GNASH code [145].

New cross-section library NRG-2003 [133] up to 200 MeV (also in the
ENDF-6 format [134]) has been evaluated at the Nuclear Research and Con-
sultancy Group, the Netherlands, using mainly the TALY'S code [144].

Presently, these nuclear data libraries include evaluations for the major
isotopes of structural, shielding, and target-blanket importance (H, Li, C, N,
O, Al, Si, P, Ca, Fe, Ni, Cr, Cu, Nb, W, Hg, Pb, Bi in LA150 [135]; Ca, Sc,
Ti, Fe, Ni, Pb, Bi in NRG-2003 [136]).

The performed simulations confirm that both LA150 and NRG-2003 data
libraries give the same yields (within few percent) when simulating the E+T
experiments [97].

2.2.5 MCNPX input file

The MCNPX input file containing all information about the task has three
main parts called cards, separated by white lines.

e The Cell Card contains information about the material in the cells,
their densities, and the geometry of the cells defined using surfaces.

e The Surface Card defines coordinates of the surfaces in the setup.

e The Data Card contains other parameters of simulation like the cells
materials, cross-section libraries, source definition (particle, energy, po-
sition, direction, shape), number of the particles to be simulated, and
so-called tally cards that specify what type of information the user
wants to gain. Tallies are normalized to be per source particle. MCNPX
is able to simulate (to tally) current over a surface, flux at a point or
over a surface or a cell, energy deposition over a cell, criticality etc.

The example of a MCNPX input file I used in MCNPX simulations can be
found in Appendix A.

2.3 The TALYS code

TALYS [144] is a deterministic nuclear reaction code created at NRG Petten,
the Netherlands, and CEA Bruyeres-le-Chatel, France. It is new “all-in-one”
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code (as GNASH [145], ALICE/ASH [146], STAPRE [147], EMPIRE [148],
MEND [149)]).

TALYS is able to simulate nuclear reactions in the 1 keV — 250 MeV
energy range involving neutrons, protons, deuterons, tritons, helions, «, and
v (as projectiles and ejectiles), and targets with mass numbers between 12
and 339. It incorporates nuclear models for the optical model, level den-
sities, direct, compound, pre-equilibrium, and fission reactions, and a large
nuclear structure database. It calculates total and partial cross-sections, en-
ergy spectra, angular distributions, double-differential spectra, residual pro-
duction cross sections, and recoils [150]. It has been tested with experimental
data with very good results [151].

[ use the TALYS code for calculation of (n,zn) and (p,znp)-reactions
cross-sections, where the current status of usual nuclear data libraries is
poor (section 6.2.2). An input file of TALYS consists of keywords and their
associated values. The example of a TALYS input file I used can be found
in Appendix D.

2.4 Validation of high-energy nuclear models

The state-of-the-art of the predicting capabilities of high-energy nuclear mod-
els is being studied by the comparisons between models and experimental
data.

The total neutron production, which is of major importance for applica-
tions, can be predicted with a precision of 10 — 15% [137] with any combi-
nation of INC and evaporation models used in MCNPX. General trends of
energy, angular or geometry dependence are also well understood, although,
local discrepancies, particularly in the 20 — 80 MeV region, may be as large
as a factor of 2 or so in extreme cases [137, 138, 139, 140, 141], see examples
in Fig. 1.3, 2.1.

It is not always easy to determine whether the reason of the observed
discrepancies comes from a lack of reliability of data or from faults in models
and which part of model could be responsible for that. To solve these prob-
lems, more experiments are needed to be carried out for better understanding
of the reaction mechanisms.
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Figure 2.1: Neutron production in reactions of 1.5 GeV protons on a thick (left)
and thin (right) Pb-target. Each successive curve is scaled by a factor of 10 with
decreasing angle. Symbols indicate experimental data ([140] - left, [139] - right),
dashed and solid lines show results of simulations [140].

The simulations underestimate (in comparison with the experiments) the neutron
emission at deeper angles. Some studies [142, 143] suggested that the inclusion of
the pre-equilibrium process or the refraction and reflection processes improved the
backward neutron emission (taken from [140]).
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Chapter 3

Experimental instruments

In this section, the description of the used experimental apparatus is given,
i.e., type and parameters of accelerator, setup description, irradiation data,
and description of the measurement methodology.

Internal target & setup
far first experiments
at MUCLOTRON

Experimental Hall 205

1 )
_;‘"il =L W =riae
Py Internal target of 2 - e 7_-.?
,‘{ K the 5%'a0 setup e '._ g e _,-;-u:- I
4 [

Figure 3.1: Accelerator complex of the Laboratory of High Energies, JINR Dubna
(taken from [155]).
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Figure 3.2: Nuclotron ring (left) and operating console of the Nuclotron (right)
(taken from [155]).

Figure 3.3: Nuclotron superconducting magnets. Dipole magnet (left) is anchored
in the vacuum shell of the cryostat by eight parts of a stainless steel (m = 500 kg,
[ = 1462 mm, B = 2 T). Quadrupole magnet (right), m = 200 kg, | = 450 mm,
grad B = 33.4 T/m (taken from [155]).

3.1 Nuclotron

Principal research instrument in JINR Dubna used for investigations in the
transmutation field is the Nuclotron accelerator at the Veksler and Baldin
Laboratory of High Energies (LHE) (Fig. 3.1). Nuclotron is a superconduct-
ing (SC), strong focusing (Fig. 3.2, 3.3) synchrotron. It was built under
the leadership of A. M. Baldin during years 1987-1992 and it has worked
since March 1993. The Nuclotron ring (with circumference of 251.5 m) is
installed in the tunnel under the old Synchrophasotron accelerator, whereas
the Nuclotron median plane is 3.7 m below the Synchrophasotron one. The
total cold mass of its magnets is 80 tons. In total, it has 96 SC dipoles and
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Figure 3.4: A design of the Nuclotron booster ring (taken from [156]).

64 SC quadrupoles. The designed maximal energies of accelerated particles
are £ = 12.8 GeV for protons and F = 6 AGeV for nuclei (up to **3U) with
% = %, however, the obtained parameters are about two times lower so far.

Basic research proceedings at Nuclotron regards investigation in the fields
of a pre-asymptotic manifestation of quark and gluon degrees of freedom in
nuclei, the study of the spin structure of the lightest nuclei, the search for
hypernuclei, the study of polarization phenomena using polarized deuteron
beams. There is also a number of projects being implemented in the frame
of an applied research - radiobiology and space biomedicine, the impact of
nuclear beams on the microelectronic components, the use of a carbon beam
in cancer therapy, and transmutation of radioactive waste associated with
the electro-nuclear energy generation method [157].

Lately, Nuclotron has suffered from adversities as a leakage of helium (De-
cember 2004) and an outage of electricity (owing to the storm in June 2005)

and after-pollution of the vacuum tube. The projected construction of the
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booster (Fig. 3.4) could enable to increase the intensity of the accelerated
beams from the present value 3 - 10'° particles per cycle by a few orders of
magnitude. It will be the first stage of a new project of the Nuclotron-based

Ion Collider fAcility (NICA) and Multi-Purpose Detector (MPD) [158] for
the experimental study of hot and dense strongly interacting QCD matter.

activation foils

activation foils 102 6 Al 8 114
~ \ ,_l_
R\
| | [0 g 11)7
- |
kT

480 130

Figure 3.5: A typical placement of activation samples: side view (left), cross-
sectional view in the first gap (right). Dimensions are in millimeters.

Figure 3.6: Photos of a side view of Pb/U assembly on a wooden-metal rack (left)
and activation samples packed in paper (right).
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3.2 The “Energy plus Transmutation” setup

The E+4T setup (for general information see section 1.5.4) is divided into
four sections of 114 mm in length separated by 8 mm gaps, totally 480 mm.
Each section is composed of a cylindrical Pb-target (diameter of 84 mm)
and a natural uranium blanket with a hexagonal cross-section (side length
of 130 mm). Each blanket section contains 30 uranium rods (diameter of
36 mm, length of 102 mm). The front and back ends of every blanket section
are closed by aluminium plates of 6 mm in thickness (Fig. 3.5). The
Pb-target and the U-rods are sealed in an aluminium cover of 2.0 mm and
1.27 mm in thickness, respectively (not pointed in Fig. 3.5).

This Pb/U-assembly is fixed on a wooden-metal rack (362 x 505 x 72
mm?) and a textolite' plate (400 x 1060 x 38 mm?), see Fig. 3.6. The whole
installation is placed inside a polyethylene shielding (granulated (CHy),, p =
0.802 g.cm™3; the admixture of boron was tested with the result less than
5 ppm) of approximately cubic size (1060x1060x1110 mm?) with walls of
wood (thickness of 10 mm; the ribs of the box are made from wood bars with
cross-section 50 x 50 mm?), see Fig. 1.15. The inner walls of this container
are coated with a Cd layer (thickness of 1 mm) used for absorption of thermal
neutrons. The front and the back ends of the setup are without shielding.

The influence of individual setup components on the produced neutron
field was studied by Monte-Carlo simulations [97]. While low-energy neutron
field inside the setup is strongly influenced by the polyethylene shielding and
the Cd-layer, the influence of these components on high-energy neutrons
inside the setup is negligible, see Fig. 3.7.

3.3 Beam monitoring

The E+4T setup was irradiated by proton beams with energies £, = 0.7, 1.0,
1.5, 2.0 GeV (Table 1.4) and deuteron beams with energies £y = 0.8 and
1.26 AGeV (Table 1.5). The courses of proton irradiations are shown in
Fig. 3.8. The accuracy of the beam energy is estimated at the level of 0.5%.

In this section, measurement of the proton beam intensity and monitoring
of the beam geometry (shape, location, direction) is described in general as
it was done for all E4+T experiments. As an example, the 1 GeV experiment
is discussed in detail. The author measured beam intensity as well as geom-
etry, compared them with results of other groups of the E+T collaboration

!Textolite (Latin textus — a cloth, and Greek lithos — stone) is a material consisting of
several layers of fabric (filler); it is soaked by a synthetic resin.
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Figure 3.7: The influence of the polyethylene shielding and the Cd-layer on the
produced neutron field. MCNPX simulation of the 1 GeV proton irradiation of
the full E4T setup (Pb+U+Cd+(CHs),) and two simplified setups. Oscillations
in the region between 5 x 1075 and 5 x 10~* MeV are caused by resonances in
the cross-section of neutron capture in 23¥U (Fig. 6.19) inside the blanket (left).
Ratios of neutron fluxes from high-energy region of the left figure (right).
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Figure 3.8: Proton beam intensities with the E4+T experiments. Each point rep-

resents one proton spill (of duration about 10 s). Measured by a proportional
chamber.

and calculated the final values used for other analysis by the whole E+T
collaboration.
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Figure 3.9: The position of a 6x6 cm? Cu-foil (non-separated yet) closely in front
of the target (left). The position of concentric Al-foils 100 cm in front of the target
(right). Dimensions are in millimeters.

3.3.1 Beam intensity

The total number of beam particles hit the target was determined by a pro-
portional chamber, which suffers from a significant systematic uncertainty
that can reach tens of per cent. However, the determination of a relative
change of the beam intensity during a short time period (as our irradiations)
is accurate enough, with uncertainty about 1%. The total beam flux was
measured independently by two groups of the E4+T collaboration, each of
them using different types of beam monitor:

e T used a 8x8 cm? square "**Cu-foil (69.17% %3Cu, 30.83% °Cu) with a
thickness of 25 um placed closely in front of the target;

e W. Westmeier used a circular " Al monitor (with thickness of 30 pm)
cut into an inner circle with diameter of 21 mm, and three concentric
rings with external diameters of 80, 120, 160 mm (Fig. 3.9) placed
100 cm in front of the target, what is sufficient to avoid interactions of
backscattered neutrons with the Al-foils [160].
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Figure 3.10: Values of the integral proton flux determined according to the yields
of the identified isotopes in the Cu-monitor. The central thick line represents the
weighted average, the thinner lines represent its error. Example of the 1 GeV
experiment.

In the process of irradiation, the 27 Al nuclei were transmuted by (p,3pn)-
reaction into ?*Na. In Cu-foils many products of " Cu(p,X)-reactions were
measured and the following isotopes were identified: ?*Na, 5857:56:55Co, 5452\n,
59,52, SLASCy, 48ATA6AdMG, STNj 48V 4342K  61Cy. They have well known
cross-sections with weak energetic dependence in our energy region.

After the irradiation, I measured its activity with the HPGe spectrometer
a few times in order to identify the products of (p,X)-reactions with different
half-lives. The number of nuclei of a B-radioactive isotope 4Res produced
during the whole period of the irradiation

N(4Res) = I,njo (3.1)

is proportional to the number of beam protons I, the probability o of
(p,X)4Res-reaction, and the number of target nuclei per unit area:

where M,,, is the molar mass of a chemical element from which the foil monitor

is made, m = Vo = SAxp is mass of the foil with surface S, thickness Az,
and density o, Avogadro’s number N = 6.022 x 10%* mol .
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Table 3.1: The values of the integral proton flux calculated from yields of the identi-
fied isotopes in the Cu-monitor, the cross-sections of the corresponding "**Cu(p,X)-
reactions [163]. Example of the 1 GeV experiment.

isotope | Thyo [d] | o [mb] | A o [mb] | A o/o [%] | I, [10"] | AL, [10"]
1 #Na 0.623 1.02 0.10 10 3.2 0.4
2 (o 70.9 30 2 7 3.1 0.3
3 *Mn 312 19.4 0.8 4 3.5 0.4
4 SLCr 27.7 254 1.1 4 3.3 0.3
5 | #mSc 2.44 2.6 0.4 7 3.4 0.3
6 | *Sc 335 | 2.84 0.28 10 3.5 0.4
7 2K 0.515 3.3 0.2 6 3.0 0.3
8 57Co 273 23.7 1.3 ) 4.1 0.4
9 2Fe 0.345 0.20 0.01 D 3.0 0.4
10 BK 0.929 1.25 0.06 d 3.5 0.2
11| °2Mn 5.59 9.6 0.7 7 2.7 0.2
12| %5Co 7.3 9.2 0.6 7 4.0 0.5
13| 6Sc 83.8 6.69 0.33 D 3.5 0.4
14 | %Co 0.730 1.38 0.06 4 3.0 0.2
15 By 16.0 13.3 0.8 6 3.4 0.2
16 | 8Sc 1.82 0.61 0.03 d 3.8 0.4
17| Fe 44.5 1.66 0.14 8 4.3 1.1
18 | 57Ni 0.0247 | 0.81 0.05 6 3.6 0.3
19| “Cr 0.898 0.40 0.02 D 3.3 0.3

see example of results in Tables 3.1, 3.2 and Fig. 3.10.

I calculated the values of the integral proton flux (using eq. (3.1), (3.2))
for all observed isotopes as

[_

N (4Res)

p = Na _°
QAJ:Mma

(3.3)

e The weighted average value of the integral 1 GeV proton flux deter-
mined by activation of the Cu-foil is I, = (3.26 & 0.08) x 10'* with

2

x~ = 1.3. The error of the integral proton flux includes statistical
errors and inaccuracies of determination of the corresponding cross-
sections, which were acquired by interpolation using EXFOR/CSISRS

data base values (mostly [161], [162]).

The 1 GeV proton beam integral determined by activation of the Al-foil

is (using the fitted value of [161] o = 10.53(11) mb for 2" Al(p,3pn)?*Na)
I, = (3144 0.14) x 10'3, see the last line of Table 3.2.
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Table 3.2: Results of the beam intensity measurement with the big segmented

Al-monitor and the Gaussian fit of the beam profile.

Example of the 1 GeV

experiment.
Foil inner circle 1% ring 27 ring 3' ring
Inner diameter [cm] 0 2.1 8.0 12.0
Outer diameter [cm)] 2.1 8.0 12.0 16.0
2Na activity [Bq] 121 +£5 495 + 22 39.0+1.9 6.7+0.5
Gaussian fit [Bq] 116.9 501.7 37.1 1.1
Proton beam [10™] | 0.58 £0.02 | 2.35 4+ 0.11 | 0.186 & 0.009 | 0.032 £ 0.002
—_ = 30
& —t X E, = 1.0 GeV
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Figure 3.11: Description of the 1 GeV beam profile 100 cm in front of the target.
The dependence of the foil activity on the radius of the circle (left), the fitted
beam profile (right).

Assuming that the shift of the beam centroid from the center of the
monitor was negligible, the data were fitted with a Gaussian distribu-
tion

)2
exp ( _ 20’3) )
o\ 2T .

This approximation is good for the central part of the beam, but not for
its tails. The obtained parameter of the mean-root-square error is o =
1.68(14) cm that means FWHM = 3.96(33) cm. The fit accuracy can
be seen in Table 3.2, where experimental and fitted data are compared
and in Fig. 3.11 (left), where the measured activities are shown as

P(x) =

(3.4)
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a function of the monitor radius and compared with the experimental
data. Using the obtained beam profile, it is possible to calculate that
4.4% of the beam is out of the target (diameter of 8.4 cm) at this
distance. The profile with errors are shown in Fig. 3.11 (right).

The ratio between the 1 GeV proton integral obtained with the whole
Al-monitor (diameter of 16 ¢cm) and the proton integral obtained with the
Cu-monitor (8 x 8 cm) is possible to calculate using the beam profile obtained
using the segmented Al-monitor and track detectors. I used a simplifying
assumption that the beam profile is circular and it has FWHM = 4.0 cm.
The ratio (the whole integral to the integral on 8 x 8 cm) is 1.038 and the full
proton integral calculated from the 8 x8 cm Cu-monitor is I, = (3.3840.10) x
10'3. The weighted average of both values is (3.30 & 0.08) x 103, which is
the final value used for all other analyses by the whole E4+T collaboration.

The results of beam integral measurement of all E4T proton experiments
are summarized in Table 3.6.

Figure 3.12: The traces of one bunch of beam particles on Polaroid foils placed in
front of the target (left) and behind it (right). Photo from the d+Pb at 1.26 AGeV
experiment.
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Figure 3.13: Typical placement of the solid state nuclear track detectors used for
beam monitoring. Dimensions are in millimeters.

3.3.2 Beam geometry

The beam geometry was also studied independently by two groups of the
E+T collaboration. First, before the beginning of the proper irradiation,
one spill of protons was sent to Polaroid foils (placed at the front and the
end of the target) in order to check the shape, location, and direction of the
beam, see Fig. 3.12. After the check that the beam

e is more or less centred on the forehead of the target,
e goes approximately in a parallel way with the target axis,
e has an ellipse shape close to a circle and sufficiently small half-axes,

two sets of monitors were placed into the setup to measure the beam profile.

e I used a 6x6 cm? square Cu-foil with a thickness of 50 um placed

closely in front of the target. After irradiation I cut this foil into nine
pieces (see Fig. 3.9) and measured activities of each of these 2x2
cm? foils separately. I used this technique in order to avoid void spaces
between a group of nine foils as it was problem in previous experiments.
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Table 3.3: Ratios of the yields of " Cu(p,X)-reactions in the central foil to other
foils (weighted averages over all observed isotopes). Example of the 1 GeV ex-
periment, where the group of five foils in the form of a cross was used for the
Cu-monitor; the above mentioned group of nine foils in the form of a square has
been used in recent experiments.

ratio | error
centre/left | 0.15 | 0.03
centre/down | 0.29 | 0.02
centre/right | 0.24 | 0.01
centre/up | 0.65 | 0.01

1.2E+13 m ECo58
B Mn54

acrs51
[0Sc44m
W Sc47
mK42
B Co57
OFe52
W K43
EMn52
0 Co56
O Sc46
B Co55
H V48
W Sc48
centre left down right up HFe59
ENi57
0Cr48

1.0E+13

8.0E+12 1

6.0E+12 -

flux

4.0E+12 4

2.0E+12 -

0.0E+00

foils

Figure 3.14: Fluxes through the set of five Cu-foils determined from all observed
isotopes. Example of the 1 GeV experiment.

I observed the same products of ®*Cu(p,X)-reactions as in the case of
a beam intensity monitor, see section 3.3.1.

I compared the yields of these isotopes in different foils (see examples in
Table 3.3 or Fig. 3.14 for comparison of fluxes through foils showing
also the consistency of spectrum analysis) and concluded that the 1
GeV proton flux in front of the target had approximately an ellipse
shape and determined the shift of the beam centre (0.5(3) cm upwards,
0.2(3) cm to the right) and the sizes of the half-axes (the major axis in
vertical direction of 4.0(3) cm and the minor axis in horizontal direction
of 2.7(3) cm.
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Table 3.4: Data from the track detectors - in front of the target. 1 GeV experiment.

Distance from | bottom — top | relative | left — right | relative
the center [cm] | [10® tracks] | error [%] | [10? tracks] | error [%)
-13.5 2.39 10 0.516 10
-11.0 4.43 10 0.951 10
-8.5 8.13 3 1.62 3
-6.0 43.6 3 2.39 3
-5.0 99.7 3 5.90 3
-4.0 370 3 22.6 3
-3.0 1670 3 176 3
-2.0 2300 5 740 5
-1.0 5230 5 2190 5
0.0 5830 5 5830 5
1.0 5530 5 4670 5
2.0 2640 5 1600 5
3.0 1670 3 278 3
4.0 476 3 25.5 3
5.0 111 3 6.74 3
6.0 51.7 3 3.43 3
8.5 10.7 3 2.12 3
11.0 1.17 10 5.59 10
13.5 0.571 10 3.04 10

e [. Zhuk used solid state nuclear track (SSNT) detectors [74]. This
method is based on the measurement of distributions of natural lead
induced fission rates. Two subsets (each of 19 lead samples) were placed
just in front of the target in two directions: from left to right and from
bottom to top, see Fig. 3.13. The same sets were placed also between
the first and second target/blanket sections to check the parallelism
between the beam and the target axes and to measure the defocusing
of the beam while passing through the target. The numbers of the
observed tracks in all samples for the 1 GeV beam are in Tables 3.4,
3.5. The experimental data were fitted by the Gaussian distribution,
see example in Fig. 3.15.

The fitting in front of the target gives the shift of the 1 GeV proton
beam center in both directions (0.1(2) cm upwards, 0.3(2) cm to the
right side) and the ellipse shape of the beam with major axis in vertical
direction FWHM = 4.1(3) cm (i.e., 0 = 1.76(14) cm) and the minor
axis in horizontal direction FWHM = 2.3(3) cm (i.e., o = 1.00(19) cm).
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Table 3.5: Data from the track detectors — between the first and second target
sections. 1 GeV experiment. In this case two sensors were situated in the point
[0;0]. Difference between their values appears from the uncertainty in 1-2 mm
of sensor position (difference is significant if gradient is strong) and the statistic
uncertainty (the values are in the errors interval).

Distance from | bottom - top | relative | left - right | relative
the center [cm] | [10® tracks] | error [%] | [10® tracks| | error [%]
-13.5 4.47 10 3.40 10
-11.0 7.31 10 1.71 10
-8.5 12.2 10 10.4 10
-6.0 42.2 10 27.6 10
-5.0 87.2 10 48.2 10
-4.0 318 10 88.4 10
-3.0 721 10 96.2 10
-2.0 1610 10 374 10
-1.0 2540 10 2660 10
0.0 2530 10 2760 10
1.0 2380 10 2410 10
2.0 1810 10 1540 10
3.0 651 10 413 10
4.0 226 10 479 10
2.0 83.3 10 37.0 10
6.0 42.0 10 20.7 10
8.5 13.9 10 6.20 10
11.0 8.27 10 2.88 10
13.5 4.73 10 1.66 10

The beam between the first and second target sections had very similar
ellipse shape as in front of the target. The beam profile is only a little
broader with major axis in vertical direction FWHM = 4.5(2) cm (i.e.,
o = 1.88(10) c¢m), and the minor axis in horizontal direction FWHM
= 3.0(4) ecm (o0 = 1.29(15) cm). The center of the ellipse was shifted
0.1(1) cm downwards, 0.4(2) cm to the right.

These results agree within the error bars with the results for the beam
centre position and beam size determined with the Cu-monitors. Also the
result of the Al-monitor analysis (FWHM = 3.96(33) cm 100 cm in front of
the target) is in very good agreement. For further purposes, the weighted
averages of the Cu-monitor and the SSNT detectors were used: the 1 GeV
proton beam had an ellipse shape with half-axes of 4.1(2) cm in vertical
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Figure 3.15: Profile of the 1 GeV beam in front of the target (left) and in the
first gap between target sections (right) fitted with a Gaussian curve (measured
by SSNT detectors).

Table 3.6: Parameters of irradiations (FWHM = 2.35¢ for the Gaussian curve).

Proton energy [GeV] 0.7 1.0 1.5 2.0
Beam integral [10%7] 1.52(11) | 3.30(8) | 1.14(6) | 1.25(6)
Vertical half-axis [cm] 5.9(2) | 4.1(2) | 3.7(5) | 5.4(3)
Horizontal half-axis [cm] | 5.9(2) | 2.5(2) | 2.4(5) | 3.8(3)
Position vertical [cm] 0.5(3) | 0.2(2) | 0.1(2) | 0.3(2)
Position horizontal [em] | 0.1(2) | 0.3(2) | 0.3(2) | -1.4(2)

direction, 2.5(2) cm in horizontal direction and it was shifted 0.2(2) cm
up, 0.3(2) cm right.

For average beam parameters obtained independently by above mentioned
methods see Table 3.6. The errors include statistical errors and inaccuracies
of determination of the corresponding cross-sections of (p,X)-reactions, which
were acquired by interpolation using EXFOR/CSISRS data base values [163].

We found out from simulations [97] that the accuracy of experimental
data is not much influenced by the uncertainties of the beam profile width,
but it strongly depends on the uncertainties in the beam position. The
uncertainty of the beam position is around 3 mm, what means uncertainties
in the neutron field up to 15%.
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3.4 Neutron Activation Analysis

The spatial distribution of the produced neutron field was measured by the
activation analysis method [164] that is based on the nuclear activation of the
stable isotopes, presented in the irradiated samples, into unstable nuclides
with appropriate half-lives. Detecting of the emitted radiation provides quan-
tification of the amount of the newly formed radioactive nuclei. Usually, this
technique is being used for the precise determination of a number of main-
components and trace elements in different types of unknown samples by
means of a well-known neutron source. We use neutron activation analysis
“upside down” as we use pure mono-isotopic samples and investigate the
unknown neutron field inductive of sample activation.
The rate of nuclear reactions

R=n; [ olEo(BIE, (3.5)

is given by the incident neutron flux ¢(F, ), the activation cross-section o(E,)
(the probability of the reaction between neutron of energy E, and a target
nucleus), and the number of the target nuclei per unit of area n; (compare
eq. (3.5) for “white spectrum” with eq. (3.1) for mono-energetic beam).

Used activation samples were packed into sandwiches compound of 27Al,
97Au, 29Bi, %Co (Fig. 3.16) and placed in the gaps between sections of
the Pb/U-assembly (Fig. 3.5). Al-samples had square size of 20x20 mm?
with thickness of 0.4 mm (of ~ 0.5 g weight), Au-samples had square size
of 20x20 mm? with thickness of 0.04 mm (of ~ 0.3 g weight), Bi-samples
had square size of 25x25 mm? with thickness of 1 mm (of ~ 6 g weight),
Co-samples had circular size with diameter of 10 mm with thickness of 0.4
mm (of ~ 3 g weight).

A typical? placement of the activation samples is shown in Fig. 3.5.
The first set of sandwiches was placed at the radial distance R = 6 cm from
the target axis at five longitudinal distances X = 0.0,11.8,24.0,36.2,48.4 cm
from the target front (i.e., in front of the target, behind it, and in the gaps
between blanket sections). The second set was placed in the gap between the
first and second blanket sections (i.e., at the longitudinal distance X = 11.8
cm from the target front) at four radial distances R = 3.0,6.0,8.5,10.7 cm
from the target axis. In sum, there were eight sandwiches (one sandwich
belongs to both sets).

20One can find exceptions, e.g., in the case of 1.5 GeV experiment, the last sandwich
of the radial set was placed not at radial distance R = 10.7 cm, but at R = 13.5 cm;
Co-samples were used for 1.5 GeV experiment only; in the case of 2.0 GeV experiment,
no samples were placed at X = 0.0 cm and R = 3.0 etc.
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Figure 3.16: Photo of samples used for activation analysis method, from left to
right: Al, Au, Bi, Co, In, Ta, and the calibration point-like source of ®°Co.

Neutrons emitted in the course of spallation process in the target caused
in the samples non-threshold (n,y)-reaction and threshold (n,a)-, (n,zn)-
reactions. We observed the products of threshold reactions with Fyj,.eqn from
5 to 60 MeV, which correspond to z from 2 up to 9 (Tables 3.7, 3.8, 3.9,
and Fig. 3.17, 3.18, 3.19). The threshold energies were calculated as
the difference between outgoing and incoming particles masses (using mass
excesses values from [165]). In the case of the 2" Al(n,a)**Na reaction, the nu-
clear Coulomb barrier was taken into account and this Ey,..., Was estimated
from [166].

The produced isotopes were mainly (-radioactive. The daughter nucleus
of a (-decay is usually also unstable. To reach a ground state, it has to
de-excite by ~v-radiation and electron conversion. Every isotope has charac-
teristic structure of energetic levels. Detecting ~-transitions between them,
it is possible to determine isotope abundance in a sample.

The activities of the irradiated samples were measured off-line by HPGe
v-spectrometers by Ortec and Canberra companies (Ortec was used for most
of the measurements). Our Ortec is a coaxial detector with relative efficiency
28.3% and energy resolution (FWHM of ®°Co at 1.33 MeV) 1.90 keV, Can-
berra is also coaxial with relative efficiency 18% and energy resolution 1.90
keV. Each sample was measured a few times in order to identify isotopes
with different half-lives. The spectrometers were surrounded with robust
lead shielding for the reduction of background (Fig. 3.20).

Each measured sample was placed to one of eight position (12, 24, 41,
65, 99, 147, 216, 311 mm) from the detector endcap to reach the dead time
smaller than 10% (Fig. 3.21). The beryllium window is 0.5 mm thick and
the distance from the window to the crystal is 3 mm.
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ples.

Table 3.7: List of threshold and non-threshold reactions observed in Au-sam
Reaction Threshold energy [MeV] | Half-life of product
Y7Au(n,y)"® Au - 2.69517 d
197Au(n,2n) % Au 8.1 6.183 d
97Au(n,3n)% Au 14.8 186.10 d
97 Au(n,4n) P Au 23.2 1.584 d
97 Au(n,5n) % Au 30.2 17.65 h
197 Au(n,6n)'%?Au 38.9 494 h
97Au(n,n) " Au 45.7 3.18 h

Table 3.8: List of threshold reactions observed in Bi-samples.

Reaction Threshold energy [MeV] | Half-life of product
20981 (1, 4n) 2 Bi 2.6 6.243 d
29Bi(n,5n)*Bi 29.6 15.31d
29Bi(n,6n)*1Bi 38.1 11.22 h
29Bi(n,7n)?"Bi 45.2 11.76 h
209Bi(n,8n)?"*Bi 54.0 1.72 h
29Bi(n,9n)* ' Bi 61.4 1.8h

Table 3.9: List of threshold and non-threshold reactions observed in Al- and Co-

samples.

Reaction Threshold energy [MeV] | Half-life of product
2TAl(n,a)*Na 5.5 14.959 h
»Co(n,y)*Co - 5271y
% Co(n,2n)%8Co 10.6 70.82 d
% Co(n,3n)°"Co 19.4 271.79 d
»Co(n,4n)°*°Co 30.9 77.27 d
»Co(n,5n)>Co 41.2 17.53 h
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Figure 3.17: Cross-sections of (n,zn) reactions in Au. The measured data (from
the EXFOR [163] database) were measured by many experimental groups. The
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Figure 3.18: Experimental cross-sections of (n,zn) reactions in Bi [168].
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Figure 3.20: HPGe v-spectrometer Ortec (with a liquid-nitrogen-filled Dewar flask)
surrounded with lead shielding.

Figure 3.21: A grid with well-defined positions for measured sample placed on a
plastic slab.
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Chapter 4

Data analysis

The measured 7-spectra of irradiated samples, covering a region approxi-
mately from 50 up to 3500 keV, were processed by the DEIMOS32 code [169]
that provides a Gaussian fit of y-peaks taking into account the background
fitted with a parabola (or linear, optionally) (Fig. 4.1). The DEIMOS32
output is a table with fitted surfaces of peaks, statistical errors of fits, ener-
gies assigned to peak centers, and other data needed in case of ambiguities
in results or more detailed investigations, e.g., FWHM, height of subtracted
background, number of iterations leading to the resultant fit, 2.

4.1 Yields of activation reactions and correc-
tions for various effects

The fitted area of peak S(F) is nothing but the number of fully registered -

quanta with energy E. To enable comparisons of yields of different reactions

and yields of the same reactions in different samples, it is necessary to correct
the acquired areas for several effects.

e Correction for the intensity of y-transition

1
L(E)

(4.1)

The decay of the excited state of a daughter nucleus can run various
ways. The ~-emission probability I,(E) is the probability that while
decaying, the photon of the energy £ is emitted. I,(E) is given by the
nucleus structure and its value is different for different y-transitions of
the same isotope.
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Figure 4.1: Example of fitting procedure in the Deimos32 code.

Correction for the spectrometer efficiency

5 (4.2)

The full energy peak efficiency ¢,(E) is the detector ability to detect
the total energy of the y-ray with energy E. Such impulse is recorded
into the full energy peak. Efficiency depends mainly on the distance
between a measured sample and a detector and on detector structure
(size of an active part, thickness of a passive envelope).The energetic
dependence of ¢,(F) is described in detail in section 4.2.

Correction for coincidence summing effects

1

or (4.3)

Coincidence correction factor COI [170] is the correction to possible
effect of cascade coincidences, which create a false drop or grow of the
fitted peak area S(E). It depends on £,(E), the total efficiency &((E)
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(i.e., the detector ability to detect such part of the y-ray energy that is
bigger than the minimal energy that can be registered by the detector),
and the structure of a decay scheme, for details see section 4.2.

e (Correction for the detector dead time

treal
fend = 2221, (4.4)
tlive

The dead time is the time when the detector is busy because of reading
a signal, recording it into memory, regenerating the sensitive part of
detector. During tqe.q, the detector is not able to register another event
if it happens. That means, if the measurement takes t,..1, the detector
was active tive < treal-

After applying corrections (4.1), (4.2), (4.3), (4.4) we get the number
of nuclei decaying during the measurement. To get the number of nuclei
produced during the whole period of irradiation, it is necessary to make
another corrections yet — for decays during irradiation, cooling, measurement,
and for unsteady beam.

e Correction for the decay from the end of irradiation to the end of mea-

surement
€xp ()‘tcool)

1 — exp(—Atreal)’

where %, is time from the end of the irradiation until the beginning
of the measurement and \ = %‘11—/22 is decay constant. According to the

decay law, the number of nuclei of decaying isotope in time ¢ is

(4.5)

n(t) = n(0) exp(—At).

Take n(0) as the number of nuclei at the end of irradiation. The number
of decays during the measurement is

An = n<tcool)_n(tcool+treal) - ’I’L(O) eXp<_/\tcool)_n(O> exp[_A(tcool—i_treal)]-

Hence, we can express how many times the number of nuclei produced
at the end of irradiation is bigger than the number of nuclei decaying
during measurement:

n(0)  exp(Aeool)
An 1 —exp(—Atreal)’

which is expression (4.5).
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Correction for the decay during irradiation

)\tirr
1 — exp(—Aty)’

(4.6)

where t;,, is the time of irradiation. The produced nuclei decay during
irradiation already. There are not any produced radioactive nuclei at
the beginning of irradiation n(—t;,) = 0. The nuclei are being produced
during irradiation with a constant rate P and n(0) nuclei remain at its
end. The number of produced nuclei at ¢t < 0 is given by the differential
equation

Its solution can be found by the method of separation of variables

0 n(0)
/ dt = / n_
7tirr 0 P - )\n

The right side of this equation can be solved using the substitution
u=P—n:

/”(0) dn. /P)‘"(O) du 1 In P — \n(0)
o P—-Xxn Jp —Au A P '
then 1. P—n(0)
—An
o p 2
tlrr A n P

and the production rate can be expressed as

)
1 —exp(—Abi)

P

Hence, we can express how many times the number of nuclei produced
during the whole irradiation is bigger than the number of nuclei that
remained at its end:

Ptirr o )\tirr
n(0) 1 —exp(—Ati)’

which is expression (4.6).
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e Correction for beam fluctuations and interruptions during irradiation

1 — exp(—Atyy)
N b

e D {8 exp(—Ate(i))[1 — exp(—Aty(0))]}

i=1

Bﬂuc =

(4.7)

where t,(7) is duration of i-th interval of irradiation, t.(7) is time from
the end of i-th interval until the end of the whole irradiation, w(z) is the
weight of i-th interval (i.e., the ratio between the number of protons in
the i-th interval to the total number of protons), N is the number of
intervals.

As it can be seen from Fig. 3.8, the approximation of constant beam
intensity is not applicable in some cases. Therefore, t;, was divided
into N intervals with constant intensity (each spill was taken as one
interval) and duration of #,(i) ~ 10 s. This correction is important
mainly for isotopes that have T}y ~ t,.

e Correction for attenuation of photons in activation sample

o M(EW)QfL‘
Ot = T el By g .

where p(E,) is the total mass attenuation coefficient in units of cm?/g
(values taken from [171]). A beam of photons emitted from an activated
sample (with density p) has to penetrate a relevant part of its thick-
ness x and is attenuated. The self-absorption correction was mostly
negligible, for thick samples and low energies it reached up to 14%.

e It is useful to normalize the number of produced nuclei per unit of
sample mass m and per one beam particle:

1

— 4.9
o (49)

where I}, is the total beam flux.

After inclusion of all corrections (4.1)—(4.9), we get the relation between the
peak area S(FE) and the total number of produced nuclei (of each produced
isotope) per one gram of activated material and per one incident proton:

N,

o S’y(E) treal Bﬁuccatt eXp(Atcool) )\tirr
T L (B)ep(E)COL tyye  mIy  [1 — exp(—AMyea)] [1 — exp(—Mi)]
(4.10)
This relation was used in analysis of y-spectra of all activation samples.
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4.2 Detector efficiency calibration

The calibration of detector efficiency was performed with the use of stan-
dard calibration point-like sources (dimensions in order of tenths of mm, see
Fig. 3.16): *3Ba, %Ce, 57Co, %Co, 137Cs, 1%2Eu, % Eu, %*Mn, *°Ra (and
its daughter product 24Bi), 3Sn, 228Th (and its daughter products *?*Ra,
220Rn, 212Pb, 212Bi, 298T1), Y with several v-lines ranging from 80 keV up
to 2600 keV, see Table 4.1.

Several types of efficiencies are commonly used in y-spectroscopy:

e total (absolute) efficiency

(B) the number of counts (of any size) produced by the detector
Et = )

3

the number of y-rays emitted by the source
e intrinsic efficiency

() = the number of counts produced by the detector

the number of v-rays striking the detector

e relative efficiency - efficiency of one detector relative to another,
commonly

efficiency of the detector
5rel(E) Y

B efficiency of a Nal crystal (diameter and length of 7.62 cm)’

each at 25 cm from a point source with 1333 keV (line of %°Co);

e full energy peak (photopeak) efficiency

(E) the number of full energy peak counts produced by the detector
Ep = .

the number of y-rays emitted by the source

We need to know &(FE) and e, (E).
If a standard emits Nyeq(E) photons with energy F and Nggp(E) photons
are fully registered, £,(F) can be determined as

Nrgp(E)
Ep(B) = ———.
p( ) Nreal(E)
If T is time between the reference date (when the calibration standard

had activity Ag) and the beginning of measurement, the number of photons
emitted with energy F can be calculated as

(4.11)
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T+trea1 1
Noew(E) = L, (E) / Agexp(~Afjdt = I,(E) Ay exp(~XT) [1—exp(~ M)

T
(4.12)
If ticr < T1/2, we can replace the exponential function exp(—Atiea) by
first two terms of the Taylor series

exp(—)\treal) =1- )\treal (413)
and the formula (4.12) can be simplified with good enough accuracy as
Nieal(E) = L, (E) Aotrear exp(—AT). (4.14)

4.2.1 The effect of v-y cascade coincidences

The formula (4.11) is valid on ideal conditions only, when all counts in
full energy peak correspond to the registration of photon of appropriate -
transition.

Consider a simple decay scheme as in Fig. 4.2. In first approximation,
it is possible to take the directions of photons in a cascade (B4C) as inde-
pendent. The probability that both photons hit the active part of detector is
nonzero and increases with decreasing distance of a sample from detector (as
detector occupies bigger space angle). Moreover, typical lifetimes of nuclear
levels (~ 10 ps) are a few orders of magnitude shorter than time resolution
of HPGe detectors (~ 10 ns) and two or more photons of one cascade can be
registered at the same time. This is called y-y cascade coincidence.

parent nucleus

excited state
B-decay 18

excited state
Yc YA

ground state
daughter nucleus

Figure 4.2: A simple decay scheme.

If photons B and C are registered together, the electric pulse is recorded
into a sum peak B+C. If transition A=B+C really exists, the area of corre-
sponding peak (i.e., the number of pulses in it) is then bigger than it should
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Table 4.1: Energies and emission probabilities of the used calibration standards
(data extracted from [38]).

Isotope | Ths2 [y] | Ey [keV] | L, [%] || Isotope | T2 [y] | E [keV] | L, [%]

12Eu | 13.537 121.8 28.37 B37Cs 30.07 661.7 85.1

244.7 7.53 228Th | 1.9116 238.6 43.5

295.9 0.91 241.1 4.10

344.3 26.57 2774 2.30

367.8 0.92 300.1 3.28

411.1 2.86 549.8 0.114

778.9 12.92 283.2 30.6

867.4 4.92 727.3 6.58

964.1 14.61 860.6 4.50

1085.8 10.21 1620.7 1.49

1089.7 1.73 2614.5 35.86

1112.1 13.00 Co 5.2714 1173.2 99.97

1212.9 1.42 1332.5 99.98

1299.1 1.63 °Co 0.7446 122.1 85.60

1408.0 21.01 136.5 10.68

4By 8.593 123.1 40.79 22°Ra 1600 186.2 3.99

247.9 6.95 242.0 7.12

091.8 4.99 295.2 18.2

723.3 20.22 351.9 35.1

756.8 4.57 609.3 44.6

873.2 12.27 768.4 4.76

996.3 10.6 934.1 3.07

1004.8 18.01 1120.3 14.7

1274.4 | 35.19 1238.1 5.78

1596.5 1.80 1764.5 5.78

133Ba 10.51 81.0 34.06 2118.6 1.17

276.4 7.16 2201.1 4.98

302.9 18.33 24477 1.55

356.0 62.05 *Mn 0.855 834.8 100.0

383.8 8.94 139Ce 0.377 165.9 79.87

8Y 0.292 898.0 93.70 13Sn 0.315 391.7 64.89
1836.1 99.20
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be (-7 coincidence summing). Likewise, the areas of peaks B and C are
smaller (vy-v coincidence loss). The measured numbers of pulses must be
corrected with respect to these effects.

The net area of peak A is proportional to the product of the y-emission
probability and full energy peak efficiency

Noct (A) ~L,(A)ep(A). (4.15)

The area of sum peak B+C is proportional to the product of the emis-
sion probability of the first transition I,(B), branching ratio to the second
transition a(C), probability ¢(C) that real photon is emitted when the sec-
ond transition occurs (instead of electron conversion), and full energy peak
efficiencies of both photons €,(B) and ¢,(C)

N(B+C) ~1,(B)a(C)c(C)ep(B)e, (C). (4.16)
The quantity ¢(C) equals
1
OO

where «(C) is the conversion coefficient of transition C.
The probability for v-v coincidence summing A=B+C can be calcu-
lated as the ratio of area of sum peak B+C to area of net peak A

(4.17)

S(A) = zéi;a((])c((])%. (4.18)

The measured areas of peaks B and C are smaller than they should be
due to v-v coincidence losses'. The probability for v-y coincidence loss
of area of peak B can be calculated as the product of the probability that
transition B is followed by radiative transition C a(C)c(C) and probability
that detector registers any part of energy of photon C that is bigger than its
resolution & (C)

L(B) = a(C)c(C)z,(C). (4.19)

The coefficient for «-7v coincidence loss of area of peak C may be derived in
an analogous way

In principle, any physically possible energy deposition, which originates from a cas-
cading photon, causes a coincidence loss, i.e., counts in: full energy peak, Compton contin-
uum, single and double escape peaks, backscatter peak, 511 keV peak, X-ray peaks from
surrounding material (especially Pb KX-rays), Ge KX escape peak, etc.
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MO o

These formulas can be generalized for the sake of multiple cascades (e.g.,
A=D+E+F). Correction coefficients for cascade transitions of higher orders
can be found in [170].

Some decay schemes are very complicated and peak areas should be cor-
rected for both coincidence summations S(F) and coincidence losses L(E).
Using both correction factors, the measured number of pulses in full energy
peak of energy E is

a(C)c(C)ey(B). (4.20)

Nrep(E) = N(E) — N(E)L(E) + N(E)S(E) — L(E)S(E)N(E).  (4.21)

The correct number of pulses originated from the net transition of energy E
is

Nrgp(F)
= FER 4.
N(B) = TS (122
where COI is coincidence correction factor
COI=[1-L(A)][1+ SA)], (4.23)

which depends on €,(E) and &¢(E). Their determination is described in the
following two sections.

Besides true y-v cascade coincidences, random coincidences can occur as
well. But they make contribution smaller than 1% in the nearest used geom-
etry (checked for 57Co lines 122.1 and 136.5 keV, which belong to transitions
from the same level, therefore, they cannot truly coincide). The influence of
random coincidences were not taken into account.

4.2.2 Determination of & (F)

Total efficiency ¢ (F) equals the sum of efficiencies of all particular processes
leading to any registerable loss of photon energy (photoefect, Compton scat-
tering, pair creation). For a calibration standard with known activity holds

_ Ntot - Nback
Nreal(-E) ’
where Ny is the total number of registered pulses (from calibration source),

Npack 18 the number of pulses from another sources (background radiation,
detector noise); all N; in eq. (4.24) are per second. Using eq. (4.11) and

eu(E) (4.24)
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(4.24) it is possible to calculate the photofraction [172] (or peak-to-total
ratio)

ep(E) _ Neee(E)
5t(E) Ntot - Nback.

Values of photofraction can be determined using standards with two or
even better one transitions only. We used *°Ce (165.9 keV), ¥7Cs (661.7
keV), >'Mn (834.8 keV); ®8Y (two well separable peaks 898.0 and 1836.1 keV);
>"Co (using assumption that R changes linearly in log-log scale in a small
interval 122.1-136.5 keV, these two near peaks were replaced by a fictive
peak 123.7 keV with energy equal to the weighted average and area equal to
the sum of both peaks), °Co (similarly, near peaks 1173.2 and 1332.5 keV
were replaced by 1252.9 keV).

The obtained values of R(E) were fitted with a polynomial function of
the third order in logarithmic scale

R(E) = (4.25)

R(E) = exp[aln®(E) + bIn*(E) + cIn(E) + dJ, (4.26)

where the fitted constants a, b, ¢, d for used geometries (four different dis-
tances between sample and detector were used) can be found in Table 4.2.
The curves of £¢(F) are plotted in Fig. 4.3.

Table 4.2: Coeflicients of photofraction R (from eq. (4.26)).
geometry a b c d

position 2 | 0.0546 | 0.113 | 0.114 | 0.106
position 3 | -0.793 | -1.866 | -2.30 | -1.80
position 4 | 2.95 9.52 12.4 | 9.47
position 5 | -2.12 | -15.7 | -22.2 | -16.4

Table 4.3: Coefficients of full-energy peak efficiency e, ¢(£) and split parameters
Egpiir (from eq. (4.28)).

geometry o ¢ 02 q3 | Egit | ko ky
position 2 | 0.221 | -3.72 | 19.8 | -35.7 | 330 | 2.25 | -0.906
position 3 | 0.0558 | -1.04 | 5.42 | -11.0 | 650 1.31 | -0.867
position 4 | 0.114 | -2.09 | 11.8 | -24.7 | 715 | 0.706 | -0.872
position 5 | 0.131 | -2.37 | 13.4 | -28.3 | 530 | 0.133 | -0.880
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4.2.3 Determination of ¢,(FE)

Full energy peak efficiency can be determined as

N(E) - Nback
Nreal(E)

According to formula (4.22), N(E) depends on COI that depends on €, (E).
Therefore, eq. (4.27) was solved by the iteration method. In each step of
iteration, €, exp () was calculated using the peak areas of measured calibra-
tion standards Nggp(E). The obtained values for each geometry were fitted
with a curve (for different ranges with a polynomial function of the third
order and with a linear function; both in logarithmic scale)

eo(E) = (4.27)

3

epit(B) =exp» I’ E for B < Eg, (4.28)
7=0
1 .
epit(E) =expd kIn'E for  E > Egp. (4.29)
=0

The parameter Fgpy;; was chosen to divide the spectrum into two parts that
enable better fit of the dependence (but it does not have any physical mean-
ing). Its values for each used geometry can be found in Table 4.3. In the
first step of iteration, cascade effects were not taken into account until this
point.

Then COI factors (formula (4.23)) were calculated for each transition
of calibration standards using the fitted dependencies R(FE) (eq. (4.26))
and e, 5:(E) (eq. (4.28), (4.29)). The calculated COI factors were used for
correction of experimental activities (eq. 4.22) and new iteration followed.

The iteration was repeated until the differences between coefficients g;
and k; in two successive steps were less than 1% (usually 4-5 steps). The
resultant values of coefficients can be found in Table 4.3. Calibration curves
for each used geometry are shown in Fig. 4.3.

The courses of €,(E) correspond to expected shape. The efficiency is low
for small £, because such photons can be absorbed in the entrance window
and hardly penetrate into detector active part. Initially, e,(E) increases with
increasing energy and reach maximum around 100 keV. Then e,(E) slowly
decrease with increasing energy, because the more energetic photons are the
more of them fly through detector active part without occurring photoeffect.
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Figure 4.3: The curves of total efficiency e¢(E) for each measured geometry (left).
Calibration curves of full peak efficiency e, (E) for each measured geometry (right).
The efficiencies decrease with increasing distance sample—detector.

4.2.4 The influence of nonzero dimensions of activation
samples

While the efficiency calibration was done using point-like calibration sources,
the measured activation samples had square size of dimensions of approxi-
mately 2 cm x 2 ecm (Fig. 3.16). This can bring into some systematic error.
Therefore, the measurement to estimate the importance of this circumstance
was carried out.

The calibration was re-measured with two samples of standard calibration
source of 1%?Eu (Table 4.1). One sample was point-like and one sample had
circular shape with diameter 2 c¢cm, which sufficiently imitated the size of
usually used activation samples.

There are eight slots for sample holders. The closest position is No. 1,
the second closest is No. 2, ..., the furthest is No. 8 (Fig. 4.4). The
measurements were taken in six geometries (from 2 until 7), in which the
activation samples are usually being measured.

The efficiencies measured with a point-like source and surface source give
for all measured positions the same values within error bars, which include
statistical uncertainties and uncertainties of the absolute activities of the
point-like and surface calibration sources (1.6% and 5%, respectively), see
Fig. 4.5.

I conclude that nonzero dimensions of the used activation samples have
negligible influence and it is not necessary to take it into account in our
case. Monte-Carlo simulations predict [173] that the efficiency is bigger for
point-like source than for the surface one by a factor of 5% in the position
number 2 and less for farther positions, which is not in contradiction with
the experimental results.
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Figure 4.4: The scheme of the grid for foil holders with marked positions. Dimen-
sions are in millimeters.
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Figure 4.5: Ratios between efficiency given by a point-like source and a surface
source as a function of an energy for the position number 2 (the closest used). The
error bars of the points are of statistical origin. The thick solid line is weighted
average over the whole energy range, the thin solid lines represent uncertainties
that include statistical uncertainties and uncertainties of the absolute activities of
both calibration sources.
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Experimental results

5.1 Yields of activation reactions

The yields (4.10) of radioactive isotopes produced in activation samples in
units of [g~! proton~!] are presented on example of the 1.5 GeV experiment in
Fig. 5.1. The trends are practically identical for all four proton experiments,
see Appendix B.

The dependencies of yields on the position along the target are given on
the left side, dependencies of yields on the radial distance from the target
axis are given on the right side of the figures. The delineated errors (hardly
visible at this scale) are only of statistical origin (given by the error of the
Gaussian fit of y-peaks). Experimental errors, mainly the inaccuracies of the
beam and activation foils displacements, beam intensity, and ~v-spectrometer
efficiency determinations can contribute up to 30% [97], which mainly change
the absolute values and less the shape of yield spatial distributions.

The yields of threshold reactions (the list of them can be found in Tables
3.7, 3.8, 3.9) appear to have similar shapes.

e The radial distributions of the yields of all isotopes produced in thresh-
old reactions decrease as the intensity of spallation part of neutron spec-
tra falls down with increasing perpendicular distance from the target
(beam) axis.

e The longitudinal distributions of the yields of all isotopes produced in
threshold reactions change for one order of magnitude and have clear
maximum observed in the first gap between blanket sections.

While, the neutron field around the setup is a complicated mixture
of spallation, fission, moderated and back-scattered neutrons, the iso-
topes generated in threshold reactions are produced mainly by neutrons
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Figure 5.1: Longitudinal (left) and radial (right) distributions of the experimental
yields of nuclei produced in Al, Au, Bi, and Co samples (example of 1.5 GeV
experiment). The lines linking experimental points are delineated to guide readers’

eyes.
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isotropically evaporated in spallation reactions. Thus, one could expect
the maximum in the centre of the target. But the shape of the longitu-
dinal distribution reflects the interplay of two main processes. First, the
spallation cross-section of protons decreases along the target in relation
with the decrease in the primary proton energy due to the ionisation
losses. Second, the intensity of the primary proton beam decreases as
well as protons interact with the target by spallation. Consequently,
the maximum intensity of the fast neutron field is shifted from the
centre to the target’s front.

The yields of nuclei produced in neutron capture reactions (listed in Ta-
bles 3.7, 3.9) show different shape.

e The radial distributions of Au and %°Co are almost constant. The
reason for such behaviour is the polyethylene shielding that moderates
high-energy neutrons outgoing from the setup at first and then partly
scatters low-energy neutrons back. Herewith, the moderator creates an
intensive homogeneous field of low-energy neutrons (Fig. 3.7) that is
predominant in production of ®*Au and Co. Therefore, the radial
distributions of these isotopes are constant.

e The longitudinal distributions of 1 Au and °Co are mainly influenced
by the polyethylene shielding as well. However, the contribution of
low-energy neutrons from moderator is decreased in front of the target
and behind it, because the target/blanket is not shielded from front
and back ends, see Fig. 1.15. Therefore, the yields of *®*Au and %Co
are lower in these positions.

5.2 Changes of yields in dependence on thresh-
old energy

Ratios between yields at the end of the target and in front of it as a func-
tion of reaction threshold energy are shown in Fig. 5.2 left. These ratios
increase with increasing threshold energy. This indicates that the result-
ing neutron spectrum becomes harder at the end of the target than at its
forepart. Differences between sample materials are probably due to different
energy cross-sections dependencies.

Ratios between yields at R = 3.0 cm and at R = 13.5 ¢m as a function of
reaction threshold energy are shown on the right side of Fig. 5.2. In contrast
to the latter, these ratios are almost independent on threshold energy. This is
the sign that the shapes of fast neutron spectra are similar in both positions.
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I studied this phenomenon using MCNPX simulations as well, see section
6.1.1.
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Figure 5.2: Ratios of yields at the end of target (X = 48.4 cm) and in front of the
target (X = 0 cm) and as a function of reaction threshold energy (left). Ratios
of yields at R = 13.5 ¢cm and at R = 3.0 cm as a function of reaction threshold
energy (right). The lines link points belonging to one element. Example of 1.5
GeV experiment.
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Simulations

The Monte-Carlo simulations of neutron production in the E4+T setup and
activation reactions in the samples were performed by the MCNPX code
version 2.6.C [104]. The influence of possible inaccuracies in the description
of the E+T setup geometry (Fig. 6.1) on the produced neutron field is
negligible [97].

Now, let me to recall the possibilities of description of spallation reaction
available in MCNPX 2.6.C (for details, see sections 1.2, 2.2):

e the intra-nuclear cascade (INC) stage can be described with the Bertini
INC model (default in MCNPX), Isabel INC model, Liege INC model
(so-called INCL4), or CEM03 model (which works alone);

e the Multistage Pre-equilibrium Exciton Model is model of pre-equilibrium
emission of particles (only nucleons, photons, and charged pions were
taken into account in author’s simulations), which is included in the
Bertini and Isabel INC models and can be switched on/off; the CEMO03
model uses its own pre-equilibrium model (the improved Modified Ex-
citon Model) without user-possibility to adjust it; the Liege INC model
does not include any pre-equilibrium model;

e the equilibrium emission of particles can be described with Dresner
(default for Bertini and Isabel INC) or ABLA (default for Liege INC)

evaporation models.

Hereafter, I use following abbreviations when mentioning various combina-
tions of the models: B stands for Bertini INC model, I stands for Isabel
INC model, L stands for Liege INC model, CEM stands for CEM03 model,
D stands for Dresner evaporation model, A stands for ABLA evaporation
model.
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Figure 6.1: Cross-sectional side view (left) and front view (right) of the E+T setup
description in MCNPX (MCNPX plot). Compare with Fig. 1.15.

I used the LA150 data library [132] as the source of evaluated cross-
sections.

When simulating neutron spectra and yields of activation reactions, I
simulated from 1 x 10° to 1 x 107 events in each case. When simulating
neutron multiplicity, I simulated 20000 events in each case, which corresponds
to the relative uncertainty ~ 0.7%.

6.1 Neutron spectra simulations

6.1.1 The influence of physics models on simulated
spectra

At first, I used the default option Bertini4+Dresner for simulations of the
produced neutron spectra ®,(F) (using the F4 tally). The simulations show
that neutron spectrum is harder at the end of target when compared to its
beginning (left side of Fig. 6.2) and that neutron spectrum has similar
shape inside target as well as farther from it (right side of Fig. 6.2). We
drew the same conclusion from the experimental results, see Fig. 5.2.

Then, I used all combinations of INC+evaporation models available in
MCNPX 2.6.C. The upper part of Fig. 6.3 shows an example of neutron
spectra simulation (produced in the 1.0 GeV experiment), the lower part of
Fig. 6.3 shows their ratios.
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Figure 6.2: Neutron spectra (in log-log scale) in front of (X = 0 cm) and behind
(X = 48.4 cm) target, both at R = 3 cm (left). Neutron spectra inside target
(R =3 cm) and farther from target (R = 10.7 cm), both at X = 11.8 cm (right).
MCNPX simulation (Bertini+Dresner) of 1.0 GeV experiment.

I found the largest differences between models in three regions: between
~ 107* and ~ 107! MeV, between 5 and 30 MeV, and above 750 MeV
(generally near to the beam energy). Even a bit larger differences were
observed for bigger beam energies, see Appendix C.

The domain of tens of MeV is of our interest, because the observed
threshold reactions have threshold energies there. I focused on this domain
(Fig. 6.4) and observed two separated regions: in the first region the sim-
ulations differ significantly when different evaporation models are used, in
the second region when different INC models are used. Rather, the following
combinations of INC+evaporation models give the same results (i.e., differ-
ences < 5%):

e Bertini+Dresner compared with Isabel+Dresner and Bertini+ABLA
compared with Isabel+ABLA both in 1-45 MeV and above 80 MeV
(Fig. 6.4 top left);

e Isabel+Dresner compared with Isabel+ ABLA and Bertini+Dresner com-
pared with Bertini+ABLA above 35 MeV and Liege INC+Dresner com-
pared with Liege INC+ABLA above 30 MeV (Fig. 6.4 top right).

Similar results (the same shape and differences less than 20%) give also:

e Bertini+Dresner compared with CEMO03 between 60 and 250 MeV
(Fig. 6.4 top right);

e Bertini+Dresner compared with Liege INC+Dresner and Bertini+ABLA
compared with Liege INC+ABLA between 50 MeV and 700 MeV (Fig. 6.4
bottom left);
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Figure 6.3: Neutron spectra (produced in the first target section) in log-log scale
(top) and ratios of these neutron spectra (bottom). MCNPX simulations of the
1.0 GeV proton experiment. All combinations of available physics models in 2.6.C
version were used. Equidistant logarithmic energy binning with 100 intervals (for
neutron spectra normalized per unit of energy see Fig. C.1).
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Figure 6.4: Ratios of neutron spectra from Fig. 6.3. MCNPX simulations of the
1.0 GeV proton experiment.

e Isabel+Dresner compared with Liege INC+Dresner and Isabel+ABLA
compared with Liege INC+ABLA between 90 MeV and 700 MeV (Fig. 6.4
bottom left).

[ interpret this as the evidence of the border between intra-nuclear cascade
and evaporation phase of spallation reaction as they are described in the
used models. This point appears to be around 40 MeV, which corresponds
to the nuclear potential well depth (separation energy plus Fermi-energy),
see section 1.2. The border is a bit smaller for Liege INC (= 36 MeV) than
for Bertini and Isabel INC (~ 43 MeV), which reflects different approaches
to determination of the end of the cascade stage (section 2.2.1).

6.1.2 Changes of neutron spectra in dependence on
beam energy

Neutron spectra coming from different proton beam energies do not have the
same shapes, see Fig. 6.5. The contribution of evaporation neutrons (with
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energy between 5 MeV and 30 MeV) increases with increasing beam energy.
The reason for such behaviour is different energy dependence of number of
neutrons emitted during INC and evaporation stages of spallation reaction.
The cascade component weakly depend on the proton energy, whereas the
evaporation component depends much more on it (see Fig. 1.8).

In the case of INC, the most important is the number of collisions made by
the incident particle. This parameter does not change strongly with incident
energy, because the nucleon-nucleon cross-section does not change much in
the considered energy region (see also Fig. 6.17 right).

In the case of evaporation, the number of emitted neutrons depends
mainly on the excitation energy left in the target nucleus at the end of the
cascade stage. This excitation energy increases (slightly less than linearly)
with the proton beam energy (see Fig. 1.9).
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Figure 6.5: Ratios of neutron spectra produced with different proton beam ener-
gies. Inside target (R = 3 cm) (left) and farther from it (R = 13 cm) (right), both
at X = 11.8 cm. MCNPX simulation (Bertini4+Dresner).

6.2 Simulations of yields of activation reac-
tions

6.2.1 Convolution with (n,rn)-cross-sections included
in MCNPX

I simulated the yields of nuclei produced in the activation foils directly with
MCNPX (using F4 tally with the FM multiplier card) by the convolution of
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the simulated neutron spectra ®,(F, r, z) (normalized per one beam particle)
with the corresponding cross-sections oy, (F) (inbuilt in MCNPX from ENDF
database [167] for 2"Al(n,«)?*Na, 7Au(n,y)®*Au, TAu(n,2n)®Au, and
197 Au(n,4n) 9 Au reactions):

1
A,m,,

Nyiena(r, 2) = / O, (E, 1, 2)on(E)dE, (6.1)
0

where A, is the specific atomic mass of a chemical element from which the

sample is made, m,, is the unified atomic mass unit.

At first, I used the default option Bertini+Dresner, see examples of 1.0
GeV experiment in Fig. 6.6. The shapes of longitudinal as well as radial
distributions of yields are described very well. A quantitative agreement
between experimental and simulated yields is a bit worse, but the absolute
differences are less than 40%. The case of ¥ Au is a bit special and it is
discussed in section 6.3, the rest of this section is concentrated on the yields
of threshold reactions.
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Figure 6.6: Absolute comparison of experimental and simulated (Bertini+Dresner)
yields of isotopes produced in Al- and Au-activation samples in longitudinal (left)
and radial (right) directions. 1 GeV experiment.

To estimate the influence of different INC+evaporation models on simu-
lated yields of activation reactions, I simulated these yields using all models,
see examples of 1.0 GeV experiment in Fig. 6.7. Following relations can be
seen:

e in the case of 1 Au (Eyj,esn, &~ 8 MeV) - simulation using Bertini+Dresner
gives the same results as Isabel+Dresner (within the error bars); the
same holds for Bertini+ABLA compared to Isabel+ABLA;

e in the case of "*Au (Eypesn & 23 MeV) - simulation using Bertini+Dresner
gives the same results as Bertini+ABLA (within the error bars); the
same holds for Isabel4+Dresner compared to Isabel+ABLA.
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Taking into account
e the threshold energies (Table 3.7) and

e the fact that cross-sections of these threshold reactions reach their max-
ima about 10 MeV after Eyj, ..., and have important influence even 20
MeV after Eppesn (Fig. 3.17),

I conclude that evaporation models (Dresner and ABLA) have dominant
influence for neutron energies up to ~ 35 MeV. The INC models (Bertini
and Isabel) are dominant for bigger energies. The Liege INC model has
influence on the evaporation part of neutron spectra. This observation agree

with the conclusion done at the end of section 6.1.1.

15

15

Position along the target axis R [cm] Position along the target axis R [cm]

Figure 6.7: Absolute comparison of experimental yields with simulated ones using
various combinations of INC+evaporation models. 1% Au (left) and 19*Au (right)
distributions. 1 GeV experiment.

From Fig. 6.7 can be also seen that all of used INC+evaporation models
show approximately the same trends. The relative variances between various
model combinations are up to 50%. Therefore, I decided to compare rel-
ative values (experimental and simulated shapes in longitudinal and radial
distributions) rather than absolute values. I normalized the ratios between
experimental and simulated yields to the second foil in each set (which is
common in both sets — longitudinal and radial). The shapes in longitudinal
direction agree well for all proton beam energies, see left part of Fig. 6.8.

In the contrary, the shapes in radial direction differ in dependence on the
beam energy. The trends of experimental data and simulations agree well
for 0.7 GeV and 1.0 GeV. For 1.5 and 2.0 GeV, these ratios considerably
increase with increasing radial distance from the target axis, see right part
of Fig. 6.8.
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Figure 6.8: Relative comparison of experimental and simulated (Liege+ABLA)
yields of "*Au in longitudinal (left) and radial (right) directions for all proton
experiments (normalized to the second foil in each set).

6.2.2 Convolution with improved (n,zn)-cross-sections
and inclusion of proton-induced reactions

I tried to use another cross-sections for convolution with neutron fluxes (eq.
(6.1)). But the present status of knowledge of cross-sections for (n,zn)-
reactions is insufficient. The cross-sections of several observed reactions are
known with high enough accuracy at least in the energy region up to 40 MeV
(Fig. 3.17, 3.19), but the knowledge of most cross-sections is insufficient
(Fig. 3.18) or they have not been studied at all.

To enable calculations of yields of other observed isotopes and improve
existing cross-sections, the TALYS code version 0.79 [144] (up to E, = 150
MeV) and MCNPX (for E, > 150 MeV) were used for calculation of corre-
sponding (n,rn)-reactions cross-sections, for details see Appendix D.

Moreover, the isotopes observed in activation samples can be produced
not only by neutrons, but also by protons'. Therefore, the cross-sections
op(E) of possible proton-induced reactions leading to the same nuclei as
neutron-induced ones (e.g., 1%"Au(p,pn)**®Au, ¥TAu(p,p3n)!®*Au) were de-
termined as well, see also Appendix D.

I used these new cross-sections for “manual” convolution with MCNPX
simulated neutron ®,,(E,r, z) and proton ®,(E, r, z) spectra (in the positions
of activation samples) to obtain the simulated yields:

1

N.
A,my,

yield (Ta Z) =

/0 T [00(B, 1, 2)on(E) + By (B, 7, 2)oo(E)E.  (6.2)

'Protons can contribute up to 20% [84, 97] to the observed yields. The influence of
other particles (as pions or photons) is negligible in our case [97].
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Figure 6.9: Relative comparison of experimental and simulated (spectra simulated
with Liege INC+ABLA and convoluted with TALYS+MCNPX cross-sections) Au-
yields in longitudinal (left) and radial (right) directions for the 0.7 GeV (top) and
1.0 GeV (bottom) proton experiments (normalized to the second foil in each set).

Comparison with experimental yields (Fig. 6.9, 6.10) pointed to that
the usage of improved (n,zn)-cross-sections and inclusion of proton-induced
reactions did not cancel the discrepancy in radial direction (Fig. 6.11).
Naturally, it caused an increase in simulated yields, which is more distinctive
in the positions closer to the beam axis, where the share of protons is largest.

I assume that the reason is in the evaluated cross-section libraries or
INC+evaporation models. It looks like they do not describe correctly the
angular distribution of the produced high-energy neutrons for proton beam
energies bigger than some value between 1.0 and 1.5 GeV. Similar observa-
tions have been done on both thick and thin targets [140], when it was found
that simulations underestimate the neutron production for backward angles,
see also section 2.4. It will be also interesting if final results of the 1.26 AGeV
deuteron experiment show discrepancy in the radial direction.

Source of problems could be for example the U-blanket as the LA150
data library (neither the NRG-2003 library, see section 2.2.4) does not in-
clude cross-sections for uranium and all interactions in the blanket are being
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Figure 6.10: Relative comparison of experimental and simulated (spectra simulated
with Liege INC+ABLA and convoluted with TALYS+MCNPX cross-sections) Au-
yields in longitudinal (left) and radial (right) directions for the 1.5 GeV (top) and
2.0 GeV (bottom) proton experiments (normalized to the second foil in each set
in the case of 1.5 GeV, to the first foil in the case of 2.0 GeV).

simulated by INC+evaporation models. This assumption could be tested if
we carry out an experiment with 1.5 GeV or 2.0 GeV proton beam on the
E+T setup without the U-blanket.

6.3 Neutron multiplicity

I studied the influence of the polyethylene shielding on the produced neutron
field (Fig. 3.7) to find out which parts of spectra are significantly changed
and which are not influenced. The neutron spectrum is not influenced for
E, > 0.5 MeV, but it is strongly influenced for lower energies. This low en-
ergy neutron field, which was created by moderation in polyethylene, is near
to homogeneous. The Cd-layer on the inner walls of the shielding absorbed
the peak of thermal neutrons (below the cadmium threshold E,, < 0.5 eV).
The most of the low energy neutron field (0.5 eV < E, < 0.5 MeV)
comes from the shielding-moderator and its intensity is determined by the
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Figure 6.11: Absolute comparison of experimental and simulated (Liege
INC+ABLA) yields of *Au in radial direction. Open symbols represent val-
ues when the simulated yields were calculated directly with MCNPX (using F4
tally with the FM multiplier card), full symbols represent values when “manual”
convolution (with TALYS+MCNPX cross-sections of (n,zn)- and (p,p(z — 1)n)-
reactions) were used.

total number of neutrons leaving the blanket. The resonance and epithermal
neutrons (0.5 eV < E, < 1 keV) are dominant for the neutron capture
reactions in activation samples, i.e., 17 Au(n,7)'*®*Au (see bottom right corner
of Fig. 6.12). Thus, the production of ' Au depends on the total number
of neutrons escaping the blanket.

6.3.1 Determination of neutron multiplicity

The often used method for the determination of the integral number of
neutron produced on thick target is the so-called water-bath/activation-
foil method [152]. The conventional variant of this method uses two ba-
sic premises: neutrons from the source are predominantly contained within
the moderator volume; it is possible to integrate the measured thermal flux
distribution over the water volume with adequate precision. As the latter
requires the usage of a large-scale grid of activation foils, I used the new
form of this method [138], which replaces the flux integration by relating a
small-scale set of foil activities to the integral quantity — the integral number
of neutrons produced per one beam particle (so-called neutron multiplicity)
M3™ obtained by simulation.

I took into account our experiments with polyethylene moderator: the
E+T proton (Table 1.4, Appendix B) and deuteron (Table 1.5 - prelim-
inary results by Svoboda [153, 154]) experiments, and the 885 MeV proton
experiment (Table 1.3 — author’s analysis [84]) with a Pb-target surrounded
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Figure 6.12: Ratios between experimental
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by a polyethylene moderator (the same as in the E+T setup). Polyethylene
worked as a water bath — it moderated the outgoing neutrons.

I determined the ratios between experimental yields Nyj; and simulated
yields N35y of *°Au for all used Au-samples, see Fig. 6.12 and Table 6.1.
The experimental neutron multiplicity can be obtained by multiplying the
mean value of these ratios (over all Au-samples in each experiment) and the

simulated neutron multiplicity:

exp

N
M = M50, (6.3)
Nyield

The advantage of this procedure is that the experimental value of neutron
multiplicity MSP is highly insensitive to the simulated value MS™ and its
error. On the assumption that MCNPX models well the shape of low energy
part of neutron spectrum and its approximate magnitude, the product of
the two terms on the right-hand side of eq. (6.3) effectively cancels out the
dependence on MS™,

Now, let me to comment the validity of this assumption. I simulated
both terms from the right-hand side of eq. (6.3) using all combinations of
INC+evaporation models in MCNPX 2.6.C and, thus, determined the left-
hand side of eq. (6.3). Neutron multiplicity M*™ does not depend signifi-
cantly on the combination of the INC+evaporation models in the considered
region (0.7-2 GeV), differences are less than 10%, only Liege INC+Dresner
gives smaller values for bigger energies (13% less than Bertini+Dresner for 2
GeV), see Fig. 6.13.

exp

NS

But () changes with different INC+evaporation models and influ-
ield

ences MI‘pry, see example of 1 GeV experiment in Fig. 6.14. Bertini+Dresner,

Isabel+Dresner, Liege+Dresner, and Liege+ABLA give the same values of

MS® (within the error bars) thanks to the fact that the differences in M5™

exp

and (-Z2%) (which are very small anyway) really cancel out. This is not

valid for CEMO03, Bertini+ABLA, and Isabel+ABLA, which show bigger dif-
ferences of M (38%, 17%, 18%, respectively). Despite of such dissension,
I do consider this method to be applicable to our case because the ABLA
model has been generally coupled with the Liege INC model and its com-
binations with other INC models need not to be reliable for lower energies.
Hereafter, I take into account the results of the first four model combinations.
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Figure 6.13: Dependence of neutron multiplicity on proton beam energy for the
E+T setup. Comparison of all INC+evaporation models combinations available
in MCNPX 2.6.C version.
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6.3.2 Neutron multiplicity on a simple lead target

The energy dependence of neutron multiplicity was studied by a number
of experiments for lead targets of different sizes (see the overview [138]).
Because M, depends on the target size, the data need to be normalized.
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Figure 6.15: Dependence of neutron multiplicity on target thickness and beam
energy for a Pb-target with radius of 5 cm (usual radius). MCNPX simula-
tion (Bertini+Dresner). Such dependence was investigated experimentally by Le-
tourneau et al. [39], see Fig. 1.13.
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Figure 6.16: Dependence of neutron multiplicity on target radius and beam energy
for a Pb-target with thickness of 100 cm (saturated thickness). MCNPX simulation
(Bertini+Dresner).
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Figure 6.17: Dependence of neutron multiplicity produced on a Pb-target with
radius of 5 cm (usual radius) and 50 cm (saturated radius), both for target thick-
ness of 100 cm (saturated thickness), on proton beam energy. MCNPX simulation
(Bertini+Dresner) (left). Total cross-section of p+Pb reaction measured by Diet-
rich et al. [174] and Trzaska et al. [175] (right).

With help of MCNPX simulation I have found the “saturated thickness”
(L ~ 100 cm, see Fig. 6.15) and “saturated radius” (R = 50 cm, see Fig.
6.16), for which I have got complete saturation of neutron production — it
is possible to reach the maximal number of the produced neutrons for the
given beam energy, see Fig. 6.17 left. In all simulations presented in this
section, I used a homogeneous beam with radius of 1.5 c¢m.

The saturated thickness is smaller than one could expect considering the
electronic-stopping range done by ionization (Fig. 1.12), which is bigger
than 100 cm even for E, > 1.7 GeV on Pb-target. Saturation is for lower
beam energies done by ionization, for bigger energies by loss of protons by
nuclear reactions.

The reason consists in practical extinction of primary proton beam (with
the incident energy in a GeV range) before 100 cm of target thickness, be-
cause almost all beam particles interact by spallation reactions during this
distance. Taking into account that the total reaction cross-section for p+Pb
is approximately constant in a GeV-range (o ~ 1.8 b, see Fig. 6.17 right),
only 0.3% of the primary proton beam remains after passing 100 cm of lead.

The most of the experiments have been carried out with a target radius
around 5 cm. For this reason all data from different experiments have been
re-counted to the case with the radius of 5 cm and the saturated thickness
of 100 cm (by comparing the simulated multiplicities for this “normalized”
target size with a real target size). The applied corrections were mostly a
few percent; the exception are only data by Vasilkov et al. [176] with a very
large target. The obtained compilation was fitted by a simple polynomial
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function, see Fig. 6.18. Our experimental point of the 885 MeV proton
experiment with a simple Pb-target and polyethylene moderator is in very
good agreement with other experimental points.

The MCNPX simulation describes the integral neutron production very
well for proton energies less than app. 0.8 GeV (the ratio simulation to
experiment is 1.01 for 0.5 GeV; 1.10 for 0.8 GeV), but overestimates it for
bigger energies (the ratio simulation to experiment is 1.13 for 1 GeV, 1.15
for 2 GeV; 1.18 for 3 GeV, 1.29 for 4.5 GeV).
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Figure 6.18: The compilation of neutron multiplicities for p+Pb have been mea-
sured to date. Experimental data (West, Wood [177], Fraser et al. [178], Vasilkov
et al. [176, 42], Zucker et al. [179], our experimental point [84], Lone et al. [180],
Hilscher et al. [35], van der Meer et al. [138], Lott et al. [40], Ryabov et al. [181],
Letourneau et al. [39]) were re-counted to target thickness of 100 cm and radius
of 5 cm and fitted by a simple polynomial function (solid black curve). The red
dashed curve represents MCNPX simulation (Bertini+Dresner).

6.3.3 Neutron multiplicity on the E+T setup

The E+T setup consists not only of natural lead (target), but also of natural
uranium (blanket). As the incident beam has Gaussian distribution (see
section 3.3.2), the separation into target and blanket is not strict and it is
possible to talk about a target made of lead and uranium.

The situation for uranium is different than for lead, because 2*®U has
huge neutron capture cross-section, see Fig. 6.19. First, let me to consider

104



CHAPTER 6. SIMULATIONS

a simple U-target. The U-target size for which the neutron production reaches
saturation (and for bigger size stays the same) exists too (Fig. 6.20 left).
But important is other size — such, for which the number of escaped neutrons
(i.e., available for other, for example transmutation, purposes) reaches its
maximum (Fig. 6.20 right) and for bigger target size decreases because
of neutron capture (for details see Appendix E). The “classical” saturation
occurs for radius smaller than 20 cm, where the number of produced neutrons
increases more steeply with target thickness than the number of absorbed
neutrons. The maximal number of escaped neutrons happen for R ~ 20 cm,
L ~ 100 cm. For bigger target radii the number of escaped neutrons drops
as the number of captured neutrons increase.
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Figure 6.19: Neutron capture cross-section on 238U [163] (left) and "*'Pb [167]
(right).
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Figure 6.20: Dependence of neutron multiplicity on beam energy for a U-target.
Two important cases are plotted: saturated target size for maximal neutron pro-
duction — radius of 50 cm, thickness of 100 cm (left); optimal target size for max-
imum number of escaped neutrons — radius of 20 c¢m, thickness of 100 cm (right).
MCNPX simulation (Bertini+Dresner).
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I compared the values of M® obtained using eq. (6.3) for the E+T ex-
periments with a simple Pb-target data and MCNPX simulations, see Fig.
6.21 and Table 6.1. I did these simulations using Liege INC+ABLA, be-
cause the Liege INC model is the only one among physics models available in
MCNPX 2.6.C that gives reasonable results for experiments with deuteron
beams with energy bigger than 2 GeV [94]. The E+T experimental results
are bigger (app. between 10% and 40%) than the simulated neutron pro-
duction, they are between predictions for saturated Pb-target and optimal
U-target.

100 = Pb-target

experiment
¢ E+T experiment -
protons
Ao E+T experiment -
deuterons
—E+T simulation -
protons
— —E+T simulation -
deuterons
- saturated Pb-
target simulation
— - -optimal U-target
simulation
— —Pb-target
0 1 2 3 simulation
—Pb-target
Beam energy [GeV] experimental fit

80 -

Neutrons per beam particle

Figure 6.21: The compilation of neutron multiplicities for our experiments with
polyethylene moderator compared with MCNPX simulations (Liege+ABLA).

Noteworthy is that the dependence of the integral neutron production on
beam energy starts to be constant around 1 GeV when normalized per unit
of beam energy (so-called neutron cost), see Fig. 6.22. Hence, the optimal
beam energy for neutron production appears to be around this value (which
agree with results of others, e.g. [36], see section 1.2.3).
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Figure 6.22: Dependence of neutron cost on beam energy. Experimental data of
the E4+T proton and deuteron experiments compared with MCNPX simulations
(Liege+ABLA).
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Chapter 7

Conclusion

In the framework of the “Energy plus Transmutation” project, I have studied
neutron production in the spallation reactions of protons with the kinetic
energies of 0.7, 1.0, 1.5, and 2.0 GeV that hit the thick, lead target with the
uranium blanket surrounded by the polyethylene moderator. The produced
neutron field was measured by means of activation detectors.

Due to the hard part of the neutron spectrum in the Pb/U-assembly, I
observed isotopes produced in (n,zn)-reactions (the emission of up to x =9
neutrons) with threshold energy up to Egpesn =~ 60 MeV. The maximum in-
tensity of the high-energy neutron field (the region of tens of MeV ) produced
in the spallation target is located in the region between the first and second
target/blanket sections. The neutron energy spectrum becomes harder at the
end of the target. The contribution of evaporation neutrons in the spallation
spectrum increases with increasing proton beam energy.

Low-energy neutrons (epithermal and resonance region) were produced
mainly by moderation (and back-scattering) in the polyethylene shielding.
I used this homogenous low-energy neutron field to determine the integral
number of produced neutrons per one beam particle.

I compared the experimental results with Monte-Carlo simulations per-
formed using the MCNPX code, version 2.6.C. The overall experimental data
of the integral neutron production on simple lead target (extracted from lite-
rature) are described very well for proton beam energies less than 0.8 GeV,
but overestimated for bigger energies (10 — 30% difference up to 4.5 GeV).
The experimental integral neutron production on the E+T setup is bigger
than the simulated one (but for less than 40%) for all used proton beam
energies as well as for 1.6 and 2.52 GeV deuteron beams.

Simulations of the produced neutron spectra in the E4+T setup signi-
ficantly differ when different combinations of intra-nuclear cascade models
with evaporation models are used. The biggest differences are in the regions
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of 1074 — 107! MeV, 5 — 30 MeV, and near to the beam energy. The border
between different neutron production mechanisms, as they are described in
the used models, was found out to be around 40 MeV (a bit lower for the
Liege INC model, a bit higher for the Bertini and Isabel INC models). Neu-
trons are produced in the evaporation stage below this point, in the cascade
stage above it.

MCNPX describes well the shape of the longitudinal distributions of the
yields of threshold reactions. This was observed for the E4+T experiments
with all used proton beam energies and all combinations of intra-nuclear
cascade models with evaporation models included in the 2.6.C version. A
quantitative agreement between experimental and simulated yields is a bit
worse, the absolute differences reach typically tens of per cent, but do not
exceed 40%.

The shapes of the radial distributions of experimental yields of thresh-
old reactions differ from the simulated ones in dependence on the proton
beam energy. While for 0.7 and 1.0 GeV the simulations and experiments
are in a reasonable agreement, for 1.5 and 2.0 GeV the simulations predict
much steeper decrease of the yields with growing radial distance than it was
measured. This discrepancy between experimental and simulated data is as
large as a factor of two and cannot be explained with the uncertainties of the
experimental data.

Incompleteness of (n,zn)-cross-section libraries used for calculation of the
yields is probably not the reason as the usage of improved cross-sections
(calculated with TALYS and MCNPX) did not help to reach an agreement
between experiment and simulation. I conclude that the reason of the ob-
served discrepancy in radial distributions of yields of threshold reactions
should be in the LA150 evaluated cross-section libraries or intra-nuclear cas-
cade+evaporation models included in MCNPX. For proton beam energies
bigger than some value between 1.0 and 1.5 GeV (it will be interesting if
final results of the 1.26 AGeV deuteron experiment show discrepancy in the
radial direction), they do not describe correctly the angular distribution of
produced neutrons, namely they underestimate the neutron production at
backward angles.

Whereas LA150 does not include cross-sections for uranium, all inter-
actions in the blanket are simulated by intra-nuclear cascade+evaporation
models. Therefore, new experiment with 1.5 GeV or 2.0 GeV proton beam
on the E4T setup without the U-blanket could validate or foreclose modelling
of interactions in the U-blanket as the source of the observed discrepancy.
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Appendix A
Example of MCNPX input file

This is an example of the MCNPX input file that was used in simulations
presented in this thesis. Italic font is used for comments.

¢ CELL CARD
Pb-target
(cell number, material number, density, surfaces numbers — the
intersection operator is a blank space between two signed surface numbers)
11-11.340 -1 50 -51
Fe out of the beam tube
28-78742-3-4
U-rods place
50 0 358 70 -71 105 -100 103 -101 102 -104 fill=1
lattice with U-rods
51 0 203 -202 205 -204 -201 200 lat=2 u=1 trcl=(0 0 0.5)
fill=-4:4 -4:4 0:0
333333333
333322223
333222223
332233223
322333223
322332233
322222333
322223333
333333333
U-rod
100 2 -19.050 -250 252 -253 u=2
Al-envelope of U-rods
(The union operator is signified by a colon “:”)
101 3 -2.7 (250 -251 252 -253):(-251 50 -252):(-251 253 -254) u=2
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asr

102 4 -0.00129 251 u=2

103 4 -0.00129 -500 u=3

vertical Fe-plate that enclose a blanket section

110 8 -7.874 (350 -351 352 -353 358 70 -354 -401 402 403 -404
(-105:100:-103:101:-102:104)):
(350 -351 352 -353 355 358 -71 -401 402 403 -404
(-105:100:-103:101:-102:104))

vertical Al-plate in front and behind hexagon

120 3 -2.7 (358 -70 50 405 -400 403 -401 402 -404):

(358 -51 71 405 -400 403 -401 402 -404)

Al-shielding for Pb-target

130 3 -2.7 1 -358 50 -51

Fe-shielding around U-rods

140 8 -7.874 (-100 72 101 -451 354 -355):(-72 105 -102 452 354 -355):
(-105 455 452 453 354 -355):(-72 105 -103 453 354 -355):
(-100 72 104 -454 354 -355)

upper Al-shielding around U-rods

141 8 -7.874 100 -450 -451 -454 354 -355

air inside target

(The complement operator, signified by the # symbol, stands for “not in”.

The notation #n, where n is a cell number, means that the description

of the current cell is the complement of the description of cell n. That is,

a number immediately after # is interpreted as a cell number and

is shorthand for the geometry specification of that cell number.)

145 4 -0.00129 (100:-103:101:-102:104:-105) 405 -400 403 -401 402 -404

70-T1 (#110) (#140) (#141) (#152) (#155) (#202) (#205)
(#252) (#255) (#256)

next three sections of the target transformed
150 like 1 but trel=(0 0 12.2)
151 like 50 but trel=(0 0 12.2)
152 like 110 but trcl=(0 0 12.2)
153 like 120 but trel=(0 0 12.2)
154 like 130 but trcl=(0 0 12.2)
155 like 140 but trel=(0 0 12.2)
156 like 145 but trel=(0 0 12.2)
200 like 1 but trel=(0 0 24.4)
201 like 50 but trcl=(0 0 24.4)
202 like 110 but trcl=(0 0 24.4)
203 like 120 but trcl=(0 0 24.4)
204 like 130 but trcl=(0 0 24.4)
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205 like 140 but trcl=(0 0 24.4)
206 like 145 but trcl=(0 0 24.4)
250 like 1 but trcl=(0 0 36.6)
251 like 50 but trcl=(0 0 36.6)
252 like 110 but trel=(0 0 36.6)
253 like 120 but trel=(0 0 36.6)
254 like 130 but trel=(0 0 36.6)
255 like 140 but trcl=(0 0 36.6)
( )
( )

256 like 141 but trcl=(0 0 36.6

257 like 145 but trel=(0 0 36.6

Cd-layer

350 6 -8.65 (304:-302:-308:310) (303 -305 309 -311 300 -301)

polyethylene box

360 5 -0.802 (300 -301 303 -305 311 -313):(300 -301 303 -305 312 -309):
(300 -301 305 -307 317 -318):(300 -301 306 -303 312 -313):
(300 -301 314 -315 -306 316)

Fe-plate

361 8 -7.874 58 -59 320 -321 -405 322

wooden plates under the blanket

362 9 -0.5 58 -59 320 -321 -322 323

textolite plate

363 9 -0.5 300 -301 308 -310 302 -323

air everywhere inside

370 4 -0.00129 300 -301 302 -304 308 -310 (400:401:-402:-403:404:-405:
-58:59) (#361) (#362) (#363) (#520)

air outside the blanket

380 4 -0.00129 (-306:307:-300:301:-312:313) (#2) (#360) -500

end of target/blanket, beginning of activation samples definition

500 10 -19.3 79 -81 82 -83 92 -93

501 10 -19.3 79 -81 84 -85 92 -93

510 10 -19.3 86 -87 82 -83 92 -93

511 10 -19.3 86 -87 84 -85 92 -93

520 10 -19.3 90 -91 92 -93 94 -95

gaps between target/blanket sections

5000 4 -0.00129 -400 -401 402 403 -404 405 58 -50

5001 4 -0.00129 -400 -401 402 403 -404 405 51 -52 (#500) (#501)

5002 4 -0.00129 -400 -401 402 403 -404 405 53 -54

5003 4 -0.00129 -400 -401 402 403 -404 405 55 -56 (#510) (#511)

5004 4 -0.00129 -400 -401 402 403 -404 405 57 -59

surrounding of the whole setup

10000 0 500
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¢ SURFACE CARD

cylinder with radius of 4.2 cm
1cz 4.2

z planes for Fe at the out of the beam tube
2 pz -100.5

3 pz-100 4 cz 15

z planes for target and blanket
50 pz 0

51 pz 11.4

52 pz 12.2

53 pz 23.6

54 pz 24.4

55 pz 35.8

56 pz 36.6

57 pz 48

58 pz -1.25

59 pz 49.25

70 pz 0.5

71 pz 10.9

72 py O

z planes for activation samples
79 pz 11.8

81 pz 11.805

82 py 2

83 py 4

84 py 10

85 py 12

86 pz 36.2

87 pz 36.205

90 py 11.8

91 py 11.805

92 px -1

93 px 1

94 pz 16.9

95 pz 18.9

big hexagon for fill with lattice
100 py 11.20

101 p 1 0.57735 0 12.93265
102 p -1 0.57735 0 -12.93265
103 p 1 0.57735 0 -12.93265
104 p -1 0.57735 0 12.93265
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105 py -11.2

small hexagon for the lattice definition
200 px -1.807573351

201 px 1.807573351

202 p 0.577350269 -1 0 2.087205922
203 p 0.577350269 -1 0 -2.087205922
204 p -0.577350269 -1 0 2.087205922
205 p -0.577350269 -1 0 -2.087205922
definition of U-rod inside the lattice
250 cz 1.6881

251 ¢z 1.8

252 pz 0.1119

253 pz 10.2881

254 pz 104

polyethylene box and Cd-layer

300 pz -30

301 pz 76

302 py -25

303 py -25.1

304 py 25

305 py 25.1

306 py -41.5

307 py 47.1

308 px -19.9

309 px -20

310 px 19.9

311 px 20

312 px -50

313 px 50

details of polyethylene boz (bottom, top)
314 px -37.8

315 px 37.8

316 py -63.1

317 px -55

318 px 55

wooden and iron plate under the target
320 px -18.1

321 px 18.1

322 py -14.4

323 py -21.2

details on setup iron plates
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350 px -13

351 px 13

352 py -13

353 py 13

354 pz 0.9

355 pz 10.5

358 cz 4.4

hexagon in front of the target
400 py 14

401 p 1 0.57735 0 16.16581
402 p -1 0.57735 0 -16.16581
403 p 1 0.57735 0 -16.16581
404 p -1 0.57735 0 16.16581
405 py -14

planes for iron hexagon around U rods
450 py 11.6

451 p 1 0.57735 0 13.39453
452 p -1 0.57735 0 -13.39453
453 p 1 0.57735 0 -13.39453
454 p -1 0.57735 0 13.39453
455 py -11.6

500 so 130

¢ DATA CARD
neutrons, protons, photons, charged pions
moden h p /
particles simulated in all cells
(“nr” means repeat the preceding entry on the card n-times.)
imp:n,h,p,/ 1 52r 0
definitions of materials (material number, 1000-proton number+nucleon
number, nuclide fraction in the material, libraries)
nath
m1 82204 1.4 82206 24.1 82207 22.1 82208 52.4 hlib=24h nlib=24c cond=1
nat U
m2 92238 99.2745 92235 0.72 92234 0.005 cond=1
Al
m3 13027 1 hlib=24h nlib=24c¢ cond=1
asr
m4 7000 -0.755
8000 -0.232
18000 -0.013
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hlib=24h nlib=24c¢ plib=02p cond=0

polyethylene

mb 6012 1 1001 2 nlib=60c cond=0 mtb poly.01t

Cd

m6 48000 1 cond=1

Fe

m8 26058 0.282 26057 2.119 26056 91.754 26054 5.845
nlib=24c hlib=24h cond=1

wood or textolite

m9 1001 0.513066 1002 0.000080 6000 0.230081 8016 0.256773
nlib=60c plib=02p cond=0

Au

m10 79197 1 nlib=60c cond=1

Neutron physics options

(“nj” means jump n-times over the preceding entry and

take the default value.)

phys:n 1500 3j -1

Proton physics options

phys:h 1500 j -1 4j

Photon physics options

phys:p 1500 4j

Pion physics options

phys:/ 1500 4;

yields of the 197-Au(n,gamma)198-Au reaction

f4:n 500

fm4 0.0030574 10 102

f14:n 501

fm14 0.0030574 10 102

f24:n 510

fm24 0.0030574 10 102

f34:n 511

fm34 0.0030574 10 102

f44:n 520

fm44 0.0030574 10 102

energy binning

f104:n 500 €104 1.5 148i 150.5 175 26i 1525

f114:n 501 el14 1.5 1481 150.5 175 26i 1525

f124:n 510 e124 1.5 1481 150.5 175 26i 1525

f134:n 511 el34 1.5 148i 150.5 175 26i 1525

f144:n 520 el44 1.5 148i 150.5 175 26i 1525

f204:h 500 €204 1.5 148i 150.5 175 26i 1525
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f214:h 501 €214 1.5 148i 150.5 175 261 1525
£224:h 510 €224 1.5 148i 150.5 175 261 1525
£234:h 511 €234 1.5 148i 150.5 175 26i 1525
£244:h 520 €244 1.5 148i 150.5 175 26i 1525
£304:/ 500 €304 1.5 148i 150.5 175 26i 1525
£314:/ 501 e314 1.5 148i 150.5 175 26i 1525
£324:/ 510 €324 1.5 148i 150.5 175 26i 1525
£334:/ 511 €334 1.5 148i 150.5 175 26i 1525
£344:/ 520 e344 1.5 148i 150.5 175 26i 1525
INCL/ model

lca 8j 2

ABLA model

lea 6j 2

the number of incident particles (events)
nps le6

beam definition

sdef par h erg 1500 sur 2 pos 0 0 -100.5 rad d1 dir 1 vec 0 0 1
sil h0 1.5

spl -211

118



Appendix B

Experimental yields
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Figure B.1: Longitudinal (left) and radial (right) distributions of the experimental
yields of nuclei produced in Al-; Au-, and Bi-foils (0.7 GeV experiment). The lines
linking experimental points are delineated to guide readers’ eyes.
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Appendix C
Neutron spectra simulations

=

)

=

C .

2

o

E.L‘ 10-17 L - i
C\"E — Bertini+Dresner
O 107%| |-~ Bertini+ABLA
= — Isabel+Dresner
%) --- Isabel+ABLA

c -5

o 107 ---ceEmo3

5 — Liege+Dresner
2 107| --- LiegetABLA

108 10° 10* 107 10° 102

Figure C.1: Neutron spectra (produced in the first target section) in log-log scale.
MCNPX simulations of the 1.0 GeV proton experiment. Neutron spectra are
normalized per unit of energy in each bin (equidistant logarithmic energy binning
with 100 bins in the whole scale). All combinations of available physics models in
2.6.C version were used.
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Figure C.2: Neutron spectra (produced in the first target section) in log-log scale
(top) and ratios of neutron spectra from above figure (bottom). MCNPX simula-
tions of the 0.7 GeV proton experiment. Equidistant logarithmic energy binning
with 100 intervals. All combinations of available physics models in 2.6.C version
were used.
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Figure C.3: Neutron spectra (produced in the first target section) in log-log scale
(top) and ratios of neutron spectra from above figure (bottom). MCNPX simula-
tions of the 1.5 GeV proton experiment. Equidistant logarithmic energy binning
with 100 intervals. All combinations of available physics models in 2.6.C version
were used.
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Figure C.4: Neutron spectra (produced in the first target section) in log-log scale
(top) and ratios of neutron spectra from above figure (bottom). MCNPX simula-

used.
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Appendix D

The (n,rn)- and

(p,p(z — 1)n)-cross-sections
calculated with TALYS and
MCNPX

First, I show an example of the TALYS input file used in the simulations
presented in this thesis. Italic font is used for comments.

neutron as an incident particle

projectile n

gold as a target element

element Au

197 as a nucleon number

mass 197

the name of file with a list of energies (in MeV) of the incident particle
energy range
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N
o

- 197Au(n,2n)1%Au
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o
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0.0 ‘ !
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Neutron energy [MeV]

Figure D.1: The '*7Au(n,an)-cross-sections calculated with TALYS (below 150
MeV) and MCNPX (above 150 MeV).

0.20
_ 197Au(p,pn)196Au
— 197Au(p,p3n)194Au
= 0.15 -
% — 197Au(p,p4n)193’Au
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$ 0.10 1 _ 197AU(p,p6n)191AU
a
o
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0.00 ‘ ‘
1 10 100 1000

Neutron energy [MeV]

Figure D.2: The 97Au(p,p(x — 1)n)-cross-sections calculated with TALYS (below
150 MeV) and MCNPX (above 150 MeV).
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Figure D.3: Comparison of TALYS cross-sections with experimental and evaluated
cross-sections of the 17 Au(n,2n)*6Au.
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Figure D.4: Comparison of TALYS cross-sections with experimental and evaluated
cross-sections of 7 Au(n,4n)!?Au.
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Appendix E
Neutron emission on a U-target
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Figure E.1: Numbers of neutrons escaped from surface of a U-target irradiated

with the 0.5 GeV proton beams in dependence on target size. MCNPX simulation
(Bertini+Dresner).
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Figure E.2: Numbers of neutrons escaped from surface of a U-target irradiated with
the 1.0 and 1.5 GeV proton beams in dependence on target size. The symbols refer
to the values of a target radius with the same convention as in Fig. E.1. MCNPX
simulation (Bertini4+Dresner).
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Figure E.3: Numbers of neutrons escaped from surface of a U-target irradiated with
the 2.0 and 2.5 GeV proton beams in dependence on target size. The symbols refer
to the values of a target radius with the same convention as in Fig. E.1. MCNPX
simulation (Bertini+Dresner).
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Figure E.4: Numbers of neutrons escaped from surface of a U-target irradiated with
the 3.0 and 3.5 GeV proton beams in dependence on target size. The symbols refer
to the values of a target radius with the same convention as in Fig. E.1. MCNPX
simulation (Bertini4-Dresner).
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Figure E.5: Numbers of neutrons escaped from surface of a U-target irradiated with
the 4.0 and 4.5 GeV proton beams in dependence on target size. The symbols refer
to the values of a target radius with the same convention as in Fig. E.1. MCNPX
simulation (Bertini4-Dresner).
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