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Chapter 1

Spallation reaction

1.1 Historical note

The observations of particle cascades in cosmic rays interactions have been
done already in 1930’s [1]. The thermal neutron flux density induced by
cosmic-ray-protons is ~ 10~* — 1073 neutrons cm~2 s~! at the Earth’s surface
[2].

The first accelerator-driven spallation reactions have been discovered by
B. B. Cunningham at Berkeley [3] in 1947. Theoretical description was given
soon after by Serber [4]. W. H. Sullivan and G. T. Seaborg made up the
term “spallation” in the same year [5].

Spallation reactions have been investigated for many years, but it has not
been precisely described yet. They are being investigated with the increasing
interest in the last two decades, as the spallation applications require more
precise knowledge.

Spallation neutron sources are of interest for transmutation of long-lived
actinides and fission products from nuclear waste [6], plutonium from nuclear
weapons [46], or thorium (as an energy source) [43], material research and
industry [9] or medicine for radiotherapy [10].

1.2 A course of spallation reaction

Spallation reaction is a process in which a light projectile (proton, neutron,
or light nucleus) with the kinetic energy from several hundreds of MeV to
several GeV interacts with a heavy nucleus (e.g., lead) and causes the emis-
sion of a large number of hadrons (mostly neutrons) or fragments. Spallation
has two stages: intra-nuclear cascade and deexcitation, see Fig. 1.1.
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Figure 1.1: The scheme of a spallation reaction (according to [11]).

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 [12]).



1.2.1 The intra-nuclear cascade (INC)

The intra-nuclear cascade (INC) is a fast direct stage (~ 1072% s), see
Fig. 1.2. As the reduced de Broglie wavelength of the ~ 1 GeV proton is
~ 0.1 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 [13]. 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 [13]. Particles that obtain energy high enough to escape from the
nucleus 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, the pre-equilibrium emission can hap-
pen!. 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.

1.2.2 Deexcitation

Finally, the equilibrium stage comes up (~ 107'% s). Energy is equally dis-
tributed throughout the nucleus that is in a highly excited state with small
angular momentum. The nucleus loses its energy by evaporation of neu-
trons or light charged fragments (e.g., d, t, @) with energies up to ~ 40 MeV
(which is the nuclear potential well depth [15]). The particles are emitted
isotropically (in contrast to INC, see Fig. 1.3).

A competitive process to evaporation is fission (into two fragments simi-
lar in proton number). Fission products also undergo evaporation (depending
on their excitation energy).

For bigger beam energies and especially in heavy-ion collisions [14], multi-
fragmentation (production of many fragments of relatively small charges) or breakup into
individual particles are possible as well.
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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 [16]).



When the nucleus does not have energy enough to emit neutrons (its
excitation energy becomes smaller than the binding energy, typically about
8 MeV), it deexcites by v-emission. After the termination of de-excitation by
~-transitions, the resulting nucleus is usually [-radioactive and decay until
the stable state.

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

1.3 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).
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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 [19, 21)).

The spallation products can be measured using two methods: direct [17,
18] or inverse kinematics [19].
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Figure 1.5: Left: Schematic view of FRS in GSI (Gesselschaft fiir Schwerionen-
forschung) Darmstadt, Germany (taken from [22]).

Right: Spallation neutron spectrum (MCNPX simulation of neutron produc-
tion in p+Pb at 1 GeV; an arbitrary normalization) and fission spectrum (y =

\/%exp(—E) sinh(v2E); according to [11]).

1.3.1 Direct kinematics

In direct kinematics, a relativistic light projectile hits a heavy target. The
spallation products, which stop in the target, can be detected using ~-
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.

1.3.2 Inverse kinematics

In the case of inverse kinematics, a relativistic heavy nucleus hit a light
target. The spallation products leave the target in forward direction and can
be identified immediately in flight using the appropriate technique.

The example can be the magnetic spectrometer FRS (FRagment Sepa-
rator) [20] consisting of four dipole magnets (plus sets of quadrupoles and
sextupoles) and the following detector equipment (Fig. 1.5 left): a beam
monitor (seetram), an energy degrader (placed at F2) causing energy losses
of the transiting nuclides depending on their charge, two position-sensitive
plastic scintillator detectors (SC2, SC4) measuring horizontal position of the



transiting nuclides and time of flight (TOF') over the flight path of 36 m from
each other, multiple-sampling ionisation chambers (MUSIC), and multi-wire
proportional counters (MW).

1.4 Spallation neutrons

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

1.4.1 Neutron spectrum

Spallation neutron spectrum extend from the beam energy down to tenths
of keV with the maximum around 2 MeV and differs so from fission neutron
spectrum that reaches from thermal energies up to app. 10 MeV with the
maximum around 1 MeV | see Fig. 1.5 right.

Spallation neutron spectrum? can be decomposed into four compo-
nents, each of which represents a single physics process leading to neutron
production [23] (see Fig. 1.6):

s = o (- )+ e (- ) +

+ Agq exp [— <EI;/—elEel>2} + Ajpel €xXp [— (%)Q] ,(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
sequence. Of course, the quasi-elastic and quasi-inelastic components are
inconspicuous at backward angles, see the lower part of Fig. 1.6.

The quantity E. (Fie) is the average energy of the neutrons that are
ejected after a single (in)elastic collision induced by the incident proton. The
quantity Fine(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

2The double differential cross-section ;(I;TUE is defined as the number of neutrons that

are scattered into the solid angle interval (2, Q + d)) and into the energy interval (F,
E + dE). Tt is normalized to dS, dE.

10
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Figure 1.6: 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 [23]).

11



Fermi motion (with the influence of the Pauli blocking). The width W, 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 £; 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. 1.6) 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 as simulatons,
see Fig. 1.3. The quasi-elastic and quasi-inelastic contributions disappear
above 25 °. Neutrons 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) [24]. Neutrons with energies bigger than 200 MeV (where the
TOF resolution is poor) have been detected using (n,p)-scattering on a liquid
hydrogen converter and reconstruction of the proton trajectory in a magnetic
spectrometer [25]. The angular distribution of neutrons have been measured
by an additional collimation system.

1.4.2 Neutron multiplicity

The number of neutrons produced per one beam particle is called multi-
plicity. 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 ([23]):

M, (E,[GeV], A) = (0.0803 + 0.0336 In(E,)) A (1.2)

gives better than 10% accuracy for A > 40, see Fig. 1.7.

The share of cascade and evaporation neutron components depends on
the beam energy. Broadly speaking, the evaporation contribution is more im-
portant than the cascade one by a factor of 2 for E, > 1 GeV; its importance
is reduced at lower energies [23]. The cascade component is roughly a linear
function of target mass number and only weakly depend on proton energy,
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

12
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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 [23]).

energy, see lower part of 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.

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).

13
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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 [23]).

1.5 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.

14
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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 [23]).

Globally, the incident proton induces the production of a large amount
of neutrons (Fig. 1.14) with wide energy spectra (Fig. 3.2). The neutron
multiplicity for thick targets depends on the projectile-target combination.

Thick target neutron multiplicity can be calculated as

Tmax

My (Timax) = My (Ey(x))Ny(x)n;dz, (1.3)

0

where M, (E,(z)) is the thin target neutron multiplicity expressed by the
formula (1.2). The beam intensity is

Ny(w) = Noexp(~3), (1.4)

15



where \ = n—la is the mean free path, n; is the number of target nuclei per
J

unit volume, o is the reaction cross-section.

1.5.1 Projectile type and energy

Besides protons, other light nuclei or hadrons beams have been investigated.
The deuteron-induced spallation reactions on thick targets were explored
theoretically [26] using the LAHET+MCNP codes. Neutron production 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 [26]).

A set of experiments with 3.65 AGeV light nuclei beams was carried out
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at JINR Dubna [27] 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 2 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 [28] 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 [28]).

Neutron multiplicities can be investigated using a liquid-scintillator de-
tector with large angular acceptance, e.g., the 4 BNB (Berlin Neutron Ball)
detector [32] and the ORION detector [33] consist of a spherical shell filled
with liquid scintillator (which slow the produced neutrons by scattering with
H and C nuclei) loaded with Gd that capture the moderated neutrons. The

17
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Figure 1.12: The 47 BNB detector with targets stacked in the reaction chamber
(taken from [32]).

scintillator light is being registered with a set of photomultipliers distributed
on the surface of the shell.

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 [29], see Fig. 1.13.

1.5.2 Target parameters

Regarding target parameters, its material and size are those which determine
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 [21], however, the radiotoxicity induced
in the spallation target could be significantly reduced when using lighter tar-
gets [26]. Neutron multiplicity can be increased by using of a fissile material.
In addition, important parameters of target material are thermal conductiv-
ity, caloric receptivity, melting and boiling points [30].

18
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Figure 1.13: Numbers of neutrons with F,, < 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 [29], the curve is drawn through the points to guide an eye;
open symbols stand for experimental data: triangle [34], circle [35], square [36] -
recounted from W to Pb (taken from [29]).

The target should have such a size that at once it incepts the main part of
the high-energy cascade and let the spallation neutrons escape. Experiments
with different target materials and sizes show that neutron multiplicity sat-
urates at a given target thickness, which increases with the proton energy,
see Fig. 1.14.

For example, the “saturated thickness” of a thick Pb-target for ~ GeV
protons is approximately 100 cm, see Fig. 1.15) and “saturated radius”
is approximately 50 cm, see Fig. 1.16). For such dimensions, a complete
saturation of neutron production occurs — it means that it is possible to reach
the maximal number of the produced neutrons for the given beam energy,

19
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Figure 1.14: Neutron multiplicity as a function of target thickness and beam energy
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(32]).

see Fig. 1.17.

The saturated thickness is smaller than one could expect considering the
electronic-stopping range done by ionization (Fig. 1.17), 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 the primary proton beam
(with the incident energy in a GeV range) before 100 cm of target thickness,
because 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. 1.17 right),
only 0.3% of the primary proton beam remains after passing 100 cm of lead.

The situation for uranium is different than for lead, because ?**U has
huge neutron capture cross-section, see Fig. 1.18. The U-target size for
which the neutron production reaches saturation (and for bigger size stays
the same) exists too (Fig. 1.19 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. 1.19 right) and for
bigger target size decreases because of neutron capture (see Fig. 1.20). 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

20
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Figure 1.15: Dependence of neutron multiplicity on target thickness and beam
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tion (Bertini+Dresner). Such dependence was investigated experimentally by Le-
tourneau et al. [32], see Fig. 1.14.

fo I S W pros T 7 —- 5.0 GeV
120 L TTTTTT - 4.5 GeV
*§1oo By e I --- 4.0 GeV
s i --3.5GeV
@ 80 | e e e 1 —3.0Gev
; 60 o s i I W - 2.5GeV
2 b T o I —-20GeV
§ 40 | e .--1.5GeV
O Bt S N S --1.0 GeV
z —0.5GeV
0
0 10 20 30 40 50

Target radius [cm]

Figure 1.16: 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).

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.

21



160

140 -

120

Neutrons per proton

100 -

—R=5cm,L=100cm
— -R=50 cm, L=100 cm

Proton energy [GeV]

B

Range [c

200

— -Bethe-Bloch formula
175 . ~
—— MCNPX simulation i
150
® COSY experiment
125 A
100 -
75 1
50
25 A
0 T T T T T
0 500 1000 1500 2000 2500 3000

Proton energy [MeV]
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thickness of 100 cm (saturated thickness), on proton beam energy. MCNPX sim-
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mula [31], MCNPX simulation (author’s simulations), experiments of the NESSI
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Figure 1.18: Neutron capture cross-section on 2*3U [37] (left) and " Pb [38] (right).
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Chapter 2

Spallation experiments

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 [39]. 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 (*3°Pu, 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 [27, 40] and nuclei [41] 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
[42] (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
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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.
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Figure 2.1: General lay-out of the Energy Amplifier complex. The electric power
generated is used to run the accelerator (re-circulated power estimated to < 5%).
At each discharge of the fuel (every five years) the fuel is "regenerated”. Actinides
(mostly Th and U) are re-injected as new fuel in EA, topped with fresh Th. Fission
fragments and the like are packaged and sent to the secular repository, where after
~ 1000 years the radioactivity decays to a negligible level (taken from [44]).

C. Rubbia from CERN (Conseil Européen pour la Recherche Nucléaire
= European Council for Nuclear Research) proposed a basic concept of the
Energy Amplifier [43], also called Accelerator Driven Energy Produc-
tion (ADEP), see Fig. 2.1. As the name implies, it does not pay interest
to the disposal of radioactive waste directly. The motivation for ADEP is
similar as for the MTA project. This idea is based on the use of thorium! as

!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 [45].
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a fuel for the production of fissile 233U:

n 232 Th 2 28 2o, 28py 2 288y,
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.

A lot of projects all around the world have been established to carry
out experiments for nuclear data acquisition, complement of 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. The main projects in
European scale are following.
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Figure 2.2: General layout of the nTOF experiment. The proton beam was ex-
tracted via the TT2 transfer line and hit the Pb-target. At the end of the TOF
tunnel (TT2-A), neutrons were detected about 185 m from the primary target
(taken from [48]).
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n_TOF (neutron Time-Of-Flight measurements) [49] in CERN was
project focused on cross-sections measurements of neutron capture and
fission on minor actinides, neutron capture on fission products, and
(n,zn)-reactions on structural and coolant materials, which are sup-
posed to be used in ADS. It used proton beam with the momentum
of 20 GeV/c and the intensity of 7 x 10'2 protons per pulse (with the
repetition frequency of 2.4 Hz) hitting a Pb-target with the dimensions
of 80 x 80 x 60 cm?, see Fig. 2.2.

MEGAPIE (Megawatt Pilot Target Experiment) [52] in PSI (Paul
Scherrer Institut) in Switzerland was project to demonstrate the fea-
sibility of a liquid Pb+Bi eutectic target for high-power ADS applica-
tions. It operated (in 2006) with 590 MeV proton beam with an average
current of 1.3 mA corresponding to a beam power of 0.77 MW. One
of the results was about 80% more neutrons compared to previously
operated Pb-target.

HINDAS (High and Intermediate energy Nuclear Data for Accelerator-
driven Systems) [61] was a joint European program designed to gather
nuclear data for transmutation in the 20-2000 MeV range with focuse
on typical materials for construction (Fe), target (Pb), and core (U). It
used six facilities throughout Europe during 2000-2003; for an example
of the results see Fig. 1.4.

FEAT (First Energy Amplifier Test) [50] in CERN was an experiment
for studying the energy amplification in ADS, defined as the ratio be-
tween the energy produced in ADS and the energy provided by the
beam. It was shown that the energy gain is independent on the proton
beam intensity and the beam kinetic energy for E, > 900 MeV.

TARC (Transmutation by Adiabatic Resonance Crossing) [51] in CERN
was an experiment whose main purpose was to demonstrate the possi-
bility of using Adiabatic Resonance Crossing to destroy efficiently long-
lived fission fragments in ADS. It was studied how spallation neutrons
slow down quasi-adiabatically with almost flat iso-lethargic energy dis-
tribution and reach the capture resonance energy (of an element to be
transmuted) where they have high capture cross-section.

SPALADIN (Spallation based on A Large Acceptance DIpole magNet)
in GSI in Germany [59] is an experiment to study the spallation of
%Fe at 1 AGeV in inverse kinematics, see Fig. 2.3 (iron is the main
structural component of ADS, in particular for the vacuum window
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Figure 2.3: General layout of the SPALADIN experiment in GSI Darmstadt (taken
from [59]).

in between the spallation target and the proton accelerator). One of
the interesting results are spallation residues far from the projectile,
which show that the nucleus de-excitation does not simply consist in
light-particle emission.

e MUSE (MUltiplication Source Externe) [54] was a series of experiments
in CEA-Cadarache in France during 1995-2003. The general purpose
was to study the behaviuor of subcritical systems coupled with an ac-
celerator. The studies were conducted in a low power mock-up (< 5
kW) of a subcritical assembly, where temperature effects are negligible.
The mock-up was coupled to a well-calibrated external neutron source.

e YALINA [60] in Minsk, Belarus is a subcritical uranium-polyethylene
target-blanket assembly operating with a thermal neutron energy spec-
trum provided by a 100 — 250 keV deuteron beam (1 — 12 mA) on a
tritium target. Its main purpose is to study neutron physics of ADS.

e TRASCO (TRAsmutazione SCOrie) [56] in Italy was a project to study
physics and develop technologies needed to design ADS. It operated a
40 mA proton beam and Pb-Bi target.

e TRADE (TRiga Accelerator Driven Experiment) [55] in the ENEA-
Casaccia Centre in Italy is a project (currently stopped) based on the
coupling of a proton cyclotron with a solid Ta-target, surrounded by a
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reactor core in a subcritical configuration based on the TRIGA (Train-
ing, Research, Isotopes, General Atomics) reactor.

e MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Ap-
plications) [57] in SCK-CEN (Studiecentrum voor Kernenergie — Cen-
tre d’Etude de ’énergie Nucldeaire) in Belgium is a project to built a
demonstration ADS. High intensive 2.5 mA proton beam with the en-
ergy of 600 MeV (1.5 MW) will irradiate a liquid Pb-Bi target with a
subcritical MOX blanket (30% Pu) with kg = 0.95. MYRRHA will be
a fast neutron facility for studies of transmutation of minor actinides,
material development for Gen-IV systems and fusion reactors. It will
also allow radioisotope production for medical and industrial applica-
tions. It is currently planned to be in full operation by 2020 [58].

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.

Figure 2.4: Photos of the Gamma-2 setup with La-sensors on the top of the paraf-
fine moderator (left) and the new Gamma-MD setup (right).

2.1 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 [62]. 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
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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 '3La with (n,y)-reaction. Transmutation of higher ac-
tinides and fission products in moderated neutron field is also being studied
[63]. 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 chapter 3).
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Figure 2.5: Measurements of the cross-sections of “atU(p,xpyn)%Res on direct
proton beam from the Phasotron. Al-folis were used for beam monitoring (taken
from [64]).

2.2 The cross-sections measurements

The Phasotron accelerator is being used to study the cross-sections of the pro-
ton reactions (E, = 660 MeV) on thin targets of fission products (**°I), nat-
ural uranium [64], and higher actinides (**"Np, ?*'Am [65], 2*°Pu). Thanks
to the usage of direct kinematics technique (see Fig. 2.5 and section 1.3),
many isotopes produced with wide spectrum of half-lives (from minutes until
years) have been observed. The comparisons with computer codes have been
performed [66] to check the theoretical models. The plan is to continue in the
cross-section measurements and to carry out experiments with 232Th, 23¥Pu,

235U

30



2.3 The SAD project

The SAD project [67] is a plan to construct the facility consisting of a re-
placeable spallation target (Pb, W) with a subcritical MOX blanket (UO4 +
PuO,), using also the Phasotron accelerator, see Fig. 2.6. 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, spallation 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 characteristics. Final design is not given yet, preparation of equipments
and theoretical calculations of the setup parameters are in progress [68]. The
technical realization of the project was held up when Sweden withdrew from
the contract.
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Figure 2.6: A cross section of the SAD active core (left) and a general view of the
SAD core (taken from [68]).

2.4 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). It uses the
setup of the same name (Fig. 2.7, 2.8) consisting of a 28.66 kg thick lead
target with a 206.4 kg deep-subcritical (k.g = 0.202 [96]) natural uranium
blanket surrounded by a polyethylene shielding (the whole assembly mass is
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Figure 2.7: Front view (left) and cross-sectional side view (right) of the “Energy
plus Transmutation” setup. Dimensions are in millimeters.

950 kg). 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 [69, 70, 71, 72, 80, 81,
82];

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) [84, 87, 90, 92, 95], solid state nuclear track
detectors [73, 74, 75], nuclear emulsion techniques [76], and He-3 pro-
portional counters [77];

e tests of the accuracy of the computer codes for calculation of neutron
spectra and transmutation yields [86, 91, 94].
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Figure 2.8: Photos of the “Energy plus Transmutation” setup (left) and the Pb/U—
target /blanket assembly (right).
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Chapter 3

Simulations of high-energy
nuclear reactions

As mentioned in the previous chapter, there is a strong need of simulation
codes for ADS assembly projection. Several simulation codes and combina-
tions of these codes exist. They describe spallation reactions, interactions of
secondary particles, and the following neutron transport through the target
material, e.g.:

LAHET (Los Alamos High Energy Transport Code) [98] can model
spallation reactions and transport of nucleons, pions, muons, antinu-
cleons with the energy £ > 20 MeV. LAHET generates cross-sections
for individual processes;

MCNP (Monte Carlo N-Particle Transport Code) [99] is able to model
the transport of neutrons (and photons and electrons) in an energy
range 107 MeV < E < 20 MeV. It uses libraries of evaluated data as
a source of the cross-sections;

MCNPX (MCNP eXtended) code [100] improves and links the advan-
tages 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 [117]. MCNPX supports 34 particle types, the ability
to calculate interaction probabilities directly with physics models for
energies where tabular data are not available;

FLUKA (FLUktuirende KAskade) [102],
HETC (High Energy Transport Code) [103],
NMTC (Nucleon Meson Transport Code) [104],
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e NUCLEUS [139],

e SHIELD [106],

¢ CASCADE [107],

e CEM (Cascade-Exciton Model) [108],

e GEM (Generalized Evaporation Model) [110],

e LAQGSM (Los Alamos Quark-Gluon String Model) [109],
o GEANT4 [111],

e JAM (Jet AA Microscopic Transport Model) [112],
e MARS [113],

o TIERCE [114],

e BRIEFF [115].

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.

3.1 The Monte-Carlo method

The Monte-Carlo method [116] 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 3.4), 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.

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
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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 [88].

3.2 Simulation of stages of spallation reaction

Simulations described in this book were performed using the MCNPX code
(an example of a MCNPX input file can be found in Appendix A). MCNPX
simulation of spallation reaction consists of three stages (see also section 1)
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 ex-
citation 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.

3.2.1 Intra-nuclear cascade models

INC models (Bertini [118], Isabel [119], CEM [108], INCL4 [120]) describe
interactions between an impinging particle and target nucleons during intra-
nuclear cascade as a sequence of binary collisions separated in space and
time. This is 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 nucleus is greater than the inter-nucleon
lengths. 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 [121] 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 Tt ), which should be smaller than the nuclear potential
well depth (= 40 MeV [15]).

The CEM code uses a criterion for the escape of a primary particle from
the cascade stage via the effective local optical potential Wyt moa(r) deter-
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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 Wyp.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 [122].

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 param-
eter. 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 [102].

3.2.2 Pre-equilibrium models

Pre-equilibrium models (Multistage Preequilibrium Exciton Model [123], Mod-
ified Exciton Model [124]) 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, see Fig. 3.1. 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 = +2 in the exciton number). MEM takes
into account all possible nuclear transitions (An = +2,—2,0), considering
all possible positions of particle-hole pairs with respect to the Fermi level
(An =0).

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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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.
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Figure 3.1: Schematic representation of the first few stages of a nucleon-induced
reaction in the exciton model. The horizontal lines indicate equally spaced single-
particle states in the potential well. The particles are shown as solid circles. F
is the incident particle energy measured from the Fermi level, B is the average
nucleon binding energy.

Part (a) shows nucleon-nucleon interactions leading to more complex configura-
tions, in which all particles are bound and cannot be emitted.

Part (b) shows interactions leading to configurations, in which at least one particle
is unbound and may be emitted with the energy ¢ leaving a residue with the energy
U=F—-B-—c

3.2.3 Evaporation and fission models

Evaporation models (Dresner [125], ABLA [126]) 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
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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 [127] for actinides with Z > 91 and RAL
(Rutherford Appleton Laboratory) model [128] which covers fission of ac-
tinides and subactinides with Z > 71.

3.3 Nuclear data libraries

EXFOR (Experimental Nuclear Reaction Data) [37] is a database containing
experimental data, their bibliographic information, experimental informa-
tion, and source of uncertainties.

Through the process of critical comparison, selection, renormalization,
averaging of experimental data and completion by nuclear model calculations,
evaluated data libraries are being produced. They are normally stored in a
computer readable format called the ENDF format [131]. General purpose
evaluated libraries are:

e ENDF/B-VIIL.O (USA, 2006) - Evaluated Nuclear Data File [38],

e JEFF-3.1 (Europe, 2005) - Joint Evaluated Fission and Fusion File,

e JENDL-3.3 (Japan, 2002) - Japanese Evaluated Nuclear Data Library,
e BROND-2.2 (Russia,1992),

e CENDL-2 (China,1991) - Chinese Evaluated Nuclear Data Library.

Besides general libraries, a large number of special purpose evaluated data
libraries exist, e.g.:

e WIND (Waste Incineration Nuclear Data library), MENDL (Medium
Energy Nuclear Data Library) - (both Obninsk, Russia) - neutron re-
action data libraries for nuclear activation, transmutation, threshold
reactions and fission up to 100 MeV;

e LA150 [129] (LANL, USA) - cross-section library of evaluated neu-
tron and proton cross-sections up to 150 MeV, which have been devel-
oped using experimental data as well as nuclear reaction models in the
GNASH code [144]. LA150 includes 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 [132];
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e NRG-2003 [130] (the Netherlands) - cross-section library up to 200
MeV has been evaluated using mainly the TALYS code [141]. NRG-
2003 includes evaluations for: Ca, Sc, Ti, Fe, Ni, Pb, Bi [133]).

3.4 Deterministic codes

Deterministic codes are based on the solution of neutron transport equa-
tions. Several “all-in-one” deterministic nuclear reaction codes have been
developed, e.g.:

e TALYS [141] is a nuclear reaction code created at NRG Petten, the
Netherlands, and CEA Bruyeres-le-Chatel, France. It is able to simu-
late nuclear reactions in the 1 keV — 250 MeV energy range involving n,
p, d, t, helions, a, and v (as projectiles and ejectiles), and targets with
mass numbers between 12 and 339. It incorporates nuclear models for
the optical model, level densities, direct, compound, pre-equilibrium,
and fission reactions, and a large nuclear structure database. It cal-
culates total and partial cross-sections, energy spectra, angular distri-
butions, double-differential spectra, residual production cross sections,
and recoils [142]. It has been tested with experimental data with very
good results [143]. The TALY'S input file consists of keywords and their
associated values, an example can be found in Appendix B.

e GNASH [144] - provides a flexible method by which reaction and level
cross sections, isomer ratios, and emission spectra can be calculated;

e ALICE/ASH [145] - calculates multiple particle emission, evaporation
including fission competition, pre-compound decay, single and double
differential spectra, and reaction product cross sections;

e STAPRE [146] - calculates energy-averaged cross sections for nuclear
reactions with emission of particles, vy-rays, and fission;

e EMPIRE [147] - calculates isomer ratios, residue production cross-
sections, emission spectra. Incident particle can be any nucleus.

3.5 Validation and verification 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
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data.

The total neutron production, which is of major importance for applica-
tions, can be predicted with a precision of 10 — 15% [134] with any combina-
tion of intra-nuclear cascade and evaporation models used in MCNPX. Gen-
eral trends of energy, angular or geometry dependence are also well under-
stood, although, local discrepancies, particularly in the 20 — 80 MeV region,
may be as large as a factor of 2 or so in extreme cases [134, 135, 136, 137, 138],
see examples in Fig. 1.3, 3.2.

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 mod-
els and which part of model could be responsible for that. To solve these
problems, more experiments are needed to be carried out very carefully for
better understanding of the reaction mechanisms.

Several terms are being use while testing models: validation, verification,
benchmark. Validation is the process of checking if some method is correct
or is suited for its intended purpose?. Verification is the process of checking
that a method satisfy the requirements and design specifications®. Bench-
mark experiment is an experiment with the aim of comparing and ranking
algorithms with respect to certain performance criterions.

2Validation can be expressed by the question “Are you building the right thing?”

3Verification can be expressed by the question “Are you building the thing right?”
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Figure 3.2: 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 ([137] - left, [136] - right),
dashed and solid lines show results of simulations [137].

The simulations underestimate (in comparison with the experiments) the neutron
emission at deeper angles. Some studies [139, 140] suggested that the inclusion of
the pre-equilibrium process or the refraction and reflection processes improved the
backward neutron emission (taken from [137]).
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Appendix A
MCNPX input file

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.

This is a MCNPX input file describing a cylindrical Pb-target (r = 5 cm,
[ = 30 cm) irradiated with a 1.5 GeV proton beam with homogeneous profile
and the radius of 1.5 cm. Italic font is used for comments. A slice of the
output file follows with indicated information about neutron production.
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¢ CELL CARD

Pb-target

(cell number, material number, density, surfaces numbers — the
intersection operator is a blank space between two signed surface numbers)
11-11.3401-2-3

20 (-1:2:3) 4

304

¢ SURFACE CARD

z planes for target with length of 30 cm
1pz 0.0

2 pz 30.0

cylinder with radius of 5 cm

3¢z 5.0

4 s0 90.0

¢ DATA CARD

neutrons, protons, photons, charged pions

moden hp /

particles simulated in all cells

(“nr” means repeat the preceding entry on the card n-times.)
imp:n,h,p,/ 1 1r 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
Neutron physics options

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

take the default value.)

phys: 1500 3j -1

Proton physics options

phys:h 1500 j -1 4j

Photon physics options

phys:p 1500 4j

Pion physics options

phys:/ 1500 4j

INCL4 model

lca 8j 2

ABLA evaporation model

lea 6j 2

the number of incident particles (events)
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nps 2e4

homogeneous proton beam with the kinetic energy of 1.5 GeV and the
radius of 1.5 cm

sdef par h erg 1500 sur 2 pos 0 0 0 rad d1 dir 1 vec 0 0 1

sil h 0 1.5

spl -211

neutron creation tracks weight enerqy neutron loss tracks weight enerqgy
{per source particle} (per source particle)

source 1} 0. 0. escape 365317 1.8Z49E+01 2.1995E+02
nucl. interaction 316017 1.5801E+01 3.2136E+02 energy cutoff 1} 1} 0.
particle decay 0 0. 0. time cutoff 1} 1} 0.
welght window 0 0. 0. welght window 1} 1} 0.
cell importance 0 0. 0. cell importance 1} 1} 0.
welght cutoff 0 0. 0. welght cutoff 1} 1} 0.
energy lmportance 1) 0. a. energy importance a a 0.
dxtran o 0. 0. dxtran o 0. 0.
forced collisions 0 0. 0. forced collisions ] 0. 0.
exp. transform 1) 0. a. exp. transform a a 0.
upscattering 1} 0. a. downscattering a o. 9.8498E+00
tabular sampling 1) 0. a. capture a 1.4266E-02 7.6455E-02
{n,®n} 78320 3.9123E+00 1.8804E+01 loss to (n,xn}) 25352 1.26bUE+DD 4.8878E+01
fission il 0. 0. loss to fission il 0. 0.
photonuclear 1} 0. 0. nucl. interaction 3668 1.8340E-01 6.1409E+01
tabular boundary 1) 0. a. tabular boundary a o. 0.
{gamma, gn} 1] 0. a. particle decay a o. 0.
adjoint splitting 1} 0. 0.

total 394337 1.9713E+01 3.4016E+02 total 394337 1.9713E+01 3.4016E+02

number of neutrons banked 368985 average time of (shakes) cutoffs
neutron tracks per source particle 1.9717E+01 escape 5.7458E+00 tco 1.0000E+34
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Appendix B
TALYS input file

This is an example of the TALYS input file used in the simulations presented
in this thesis. Italic font is used for comments. Then, the calculated cross-
sections are plotted and compared with experimental and evaluated cross-
sections.

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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