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Abstract

A description of the IntraNuclear Cascade (INC), preequilibrium, evaporation, fission,
coalescence, and Fermi breakup models used by the latest versions of our CEMO03.03 and
LAQGSMO03.03 event generators is presented, with a focus on our most recent developments of
these models. The recently developed “S” and “G” versions of our codes, that consider multi-
fragmentation of nuclei formed after the preequilibrium stage of reactions when their excitation
energy is above 24 MeV using the Statistical Multifragmentation Model (SMM) code by Botv-
ina et al. (“S” stands for SMM) and the fission-like binary-decay model GEMINI by Charity
(“G” stands for GEMINI), respectively, are briefly described as well. Examples of benchmark-
ing our models against a large variety of experimental data on particle-particle, particle-nucleus,
and nucleus-nucleus reactions are presented. Open questions on reaction mechanisms and future
necessary work are outlined.
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1. Introduction

Following an increased interest in intermediate- and high-energy nuclear data in relation
to such projects as the Accelerator Transmutation of nuclear Wastes (ATW), Accelerator Pro-
duction of Tritium (APT), Spallation Neutron Source (SNS), Rare Isotope Accelerator (RIA),
Proton Radiography (PRAD) as a radiographic probe for the Advanced Hydro-test Facility,
NASA needs, and others, the US Department of Energy has supported during the last decade
our work on the development of improved versions of the Cascade-Exciton Model (CEM) and
of the Los Alamos version of the Quark Gluon String Model (LAQGSM) which has led to our
intermediate- and high-energy event generators CEM03.03 and LAQGSMO03.03, respectively,
and their modifications described below.

The main focus of our workshop is nucleon-induced reactions for Accelerator Driven Systems
(ADS) and spallation neutron sources (up to 2-3 GeV), usually described well enough by our
intermediate-energy code CEMO03.03 without a need to use our high-energy code LAQGSMO03.03.
This is why we focus below mostly on CEMO03.03 and its modifications. However, as discussed
below in Section 3.1, CEM does not consider the so-called “trawling” effect (depletion of target
nucleons during a cascade), therefore does not describe well reactions on very light nuclei like
C at incident energies above about 1 GeV. Therefore, in transport codes that use both CEM
and our high-energy code LAQGSM as event generators, we recommend simulating nuclear
reactions with CEM at incident energies up to about 1 GeV for light nuclei like C and up to
about 5 GeV for actinide nuclei, and to switch to simulations by LAQGSM, which does consider
the “trawling” effect, at higher energies of transported particles. This is the reason we have
included in the present lectures a brief description of LAQGSM as well. Even at energies of
ADS applications below about 3 GeV, we recommend using LAQGSM instead of CEM in the
case of light target nuclei.

The Cascade-Exciton Model (CEM) of nuclear reactions was proposed almost 30 years ago
at the Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research,
Dubna, USSR by Gudima, Mashnik, and Toneev [I], 2]. It is based on the standard (non time-
dependent) Dubna IntraNuclear Cascade (INC) [3], [4] and the Modified Exciton Model (MEM)
[5, [6]. CEM was extended later to consider photonuclear reactions [7] and to describe fission
cross sections using different options for nuclear masses, fission barriers, and level densities [§]
and its 1995 version, CEM95, was released to the public via NEA/OECD, Paris as the code
IAEA1247, and via the Radiation Safety Information Computational Center (RSICC) at Oak
Ridge, USA, as the RSICC code package PSR-357 [9].

The International Code Comparison for Intermediate Energy Nuclear Data [10, [11] orga-
nized during 1993-1994 at NEA/OECD in Paris to address the subject of codes and models
used to calculate nuclear reactions from 20 to 1600 MeV showed that CEM95 (more exactly,
CEM92m, which is almost identical in its physics content to the publicly released CEM95 ver-
sion) had one of the best predictive powers to describe nucleon-induced reactions at energies
above about 150 MeV when compared to other models and codes available at that time.

The code LAQGSMO03.03 described briefly below is the latest modification [12] of LAQGSM [13],
which in its turn is an improvement of the Quark-Gluon String Model (QGSM) [14]. It describes
reactions induced by both particles and nuclei at incident energies up to about 1 TeV /nucleon,
generally, as a three-stage process: IntraNuclear Cascade (INC), followed by preequilibrium
emission of particles during the equilibration of the excited residual nuclei formed after the
INC, followed by evaporation of particles from and/or fission of the compound nuclei.



CEM95 and/or its predecessors and successors like CEM97 [15, [16], CEM2k [17],
CEM2k+GEM2 [18]-[20], CEMO03 [21], 22], including the latest version available to the public
from RSICC and NEA OECD, CEMO03.01 [23], as well as different versions of LAQGSM and
its predecessor QGSM are used as stand-alone codes to study different nuclear reactions for
applications and fundamental nuclear physics (see, e.g., [25]-[42] and references therein). Parts
of different versions of the CEM, LAQGSM, or QGSM codes are used in many other stand-
alone codes, like PICA95 [43], PICA3 [44], CASCADO [45], CAMO [46], MCFX [47],
ECM [48], and NUCLEUS [49]. Different versions of CEM and LAQGSM, or of the older
QGSM, are incorporated wholly, or in part in many transport codes used in a variety of appli-
cations, like CASCADE [50], MARS [51], MCNPX [52] GEANT4 [53, 54], SHIELD [55],
RTS&T [56], SONET [57], CALOR [58], HETC-3STEP [59], CASCADE/INPE [60],
HADRON [61I], CASCADE-2004 [62], and others.

In these lectures, we present a brief description of all models, approximations, and system-
atics used in the latest versions of our CEM and LAQGSM event generators.

2. A Brief Survey of CEM and LAQGSM Physics

The basic version of both our CEM and LAQGSM event generators is the so-called “03.01”
version, namely CEM03.01 [23] and LAQGSMO03.01 [24]. The CEM03.01 code calculates nuclear
reactions induced by nucleons, pions, and photons. It assumes that the reactions occur generally
in three stages. The first stage is the IntraNuclear Cascade (INC), in which primary particles
can be re-scattered and produce secondary particles several times prior to absorption by, or
escape from the nucleus. When the cascade stage of a reaction is completed, CEMO03.01 uses
the coalescence model to “create” high-energy d, t, *He, and *He by final-state interactions
among emitted cascade nucleons, already outside of the target. The emission of the cascade
particles determines the particle-hole configuration, Z, A, and the excitation energy that is the
starting point for the second, preequilibrium stage of the reaction. The subsequent relaxation
of the nuclear excitation is treated in terms of an improved version of the modified exciton
model of preequilibrium decay followed by the equilibrium evaporation/fission stage of the
reaction. Generally, all four components may contribute to experimentally measured particle
spectra and other distributions. But if the residual nuclei after the INC have atomic numbers
with A < 12, CEMO03.01 uses the Fermi breakup model to calculate their further disintegration
instead of using the preequilibrium and evaporation models. Fermi breakup is much faster
to calculate and gives results very similar to the continuation of the more detailed models to
much lighter nuclei. As already mentioned in the Introduction, LAQGSMO03.01 also describes
nuclear reactions, generally, as a three-stage process: IntraNuclear Cascade (INC), followed by
preequilibrium emission of particles during the equilibration of the excited residual nuclei formed
after the INC, followed by evaporation of particles from or fission of the compound nuclei.
LAQGSM was developed with a primary focus on describing reactions induced by nuclei, as
well as induced by most elementary particles, at high energies, up to about 1 TeV /nucleon. The
INC of LAQGSM is completely different from the one in CEM. LAQGSMO03.01 also considers
Fermi breakup of nuclei with A < 12 produced after the cascade, and the coalescence model to
“produce” high-energy d, t, 3He, and *He from nucleons emitted during the INC.

The main difference of the following, so-called “03.02” versions of CEM and LAQGSM from
the basic “03.01” versions is that the latter use the Fermi breakup model to calculate the
disintegration of light nuclei instead of using the preequilibrium and evaporation models only
after the INC, when the excited nuclei after the INC have a mass number A < 12, but do not



use the Fermi breakup model at the preequilibrium, evaporation, and fission stages, when, due
to emission of preequilibrium particles or due to evaporation or to a very asymmetric fission,
we get an excited nucleus or a fission fragment with A < 12. This problem was solved in the
03.02 versions of CEM and LAQGSM, where the Fermi breakup model is used at any stage of
a reaction, when we get an excited nucleus with A < 12.

In addition, the routines that describe the Fermi breakup model in the basic 03.01 version
of our codes were written some twenty years ago in the group of Prof. Barashenkov at JINR,
Dubna, Russia, and are far from being perfect, though they are quite reliable and are still
used currently without any changes in some transport codes. First, these routines allow in
rare cases production of some light unstable fragments like He, °Li, ®*Be, ?B, etc., as a result
of a breakup of some light excited nuclei. Second, these routines allowed in some very rare
cases even production of “neutron stars” (or “proton stars”), i.e., residual “nuclei” produced
via Fermi breakup that consist of only neutrons (or only protons). Lastly, in some very rare
cases, these routines could even crash the code, due to cases of 0/0. All these problems of the
Fermi breakup model routines are addressed and solved in the 03.02 version of our codes [63].
Several bugs are also fixed in 03.02 in comparision with its predecessor. On the whole, the
03.02 versions describe nuclear reactions on intermediate and light nuclei, and production of
fragments heavier than *He from heavy targets much better than their predecessors, almost do
not produce any unstable unphysical final products, and are free of the fixed bugs.

However, even after solving these problems and after implementing the improved Fermi
breakup model into CEM03.02 and LAQGSMO03.02 [63], in some very rare cases, our event
generators still could produce some unstable products via very asymmetric fission, when the
excitation energy of such fragments was below 3 MeV and they were not checked and not
disintegrated with the Fermi breakup model (see details in [12]). This problem was addressed
in the 03.03 versions of our codes, where we force such unstable products to disintegrate via
Fermi breakup independently of their excitation energy. Several more bugs were fixed on the
03.03 version as well. A schematic outline of a nuclear reaction calculation by CEMO03.03 or
LAQGSMO03.03 is shown in Fig. 1. We emphasize that the occurrence of these problems even
in the 03.01 versions is quite rare, allowing stand-alone calculations of many nuclear reactions
to proceed without problems, but are unacceptable when the event generators are used inside
transport codes doing large-scale simulations.

In the following Sections, we highlight the main assumptions of the models contained in
CEM and LAQGSM.

3. The Intranuclear Cascade Mechanism

The inelastic interaction of a high-energy particle with a nucleus, and even more the colli-
sions of two nuclei, is a very complex and multi-faceted phenomenon whose analytical descrip-
tion encounters considerable difficulties [3| 4]. In recent years calculations of such interactions
have been carried out by statistical simulations using the Monte-Carlo method.

The INC approach was apparently first developed by Goldberger [64], who in turn based
his work on the ideas of Heisenberg and Serber [65], who regarded intranuclear cascades as a
series of successive quasi-free collisions of the fast primary particle with the individual nucleons
of the nucleus.

Let us recall here the main basic assumptions of the INC, following [3,4]. The main condition
for the applicability of the intranuclear-cascade model is that the DeBroglie wavelength X of
the particles participating in the interaction be sufficiently small: It is necessary that for
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Figure 1: Flow chart of nuclear-reaction calculations by CEMO03.03 and LAQGSMO03.03.

most of these particles X be less than the average distance between the intranuclear nucleons
A ~ 1078 cm. Only in this case does the particle acquire quasi-classical features and can we
speak approximately of particle trajectory and two-particle collisions inside the nucleus. It is
clear that for this to be the case the primary particle kinetic energy 7" must be greater than
several tens of MeV.

Another important condition for applicability of the INC is the requirement that the time
in which an individual two-particle intranuclear collision occurs on the average, 7 ~ 10723 sec,
be less than the time interval between two such consecutive interactions

At =1/c 2 4wR*/3Acc 2 3-107* /o (mb) sec,

where [ is the mean range of the cascade particle before the interaction, c is the velocity of
light, R = ryAY/3 is the mean radius of the nucleus, and ¢ is the cross section for interaction
with an intranuclear nucleon. This permits the interaction of the incident particle with the
nucleus to be reduced to a set of individual statistically independent intranuclear collisions.

The requirement 7 < At is equivalent to the requirement that the intranuclear interaction
cross section be sufficient small: o < 100§ mb, where the coefficient £ ~ 1.
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Since the energy of the particles participating in the cascade is rather large—as a rule signif-
icantly greater than the binding energy of the intranuclear nucleons—the same characteristics
can be used for interaction of cascade particles inside the nucleus as for the interaction of free
particles. The effect of other intranuclear nucleons is taken into account by introduction of
some average potential V| and also by the action of the Pauli principle.!

We can say that a high-energy particle which has entered the nucleus passes through a gas
of free nucleons, producing a cascade (avalanche) of secondary particles. A fraction of these
secondary particles leaves the nucleus, and the remaining fraction is absorbed, exciting the
nucleus to some energy E*.

Following [3, 4], after the choice of a nuclear model and an algorithm for determination of
the elementary particles involved in the INC with the intranuclear nucleons (for this purpose
it is necessary to store in the computer memory also the values of the integrated cross sections
for elastic and inelastic interactions o.(7T") and o,(7T)), calculation of the intranuclear cascade
is carried out according to the scheme shown in Fig. 2. The turquoise boxes 1, 2, 4, 5, 8-10,
12, and 14 in the diagram denote operations which are definite logically closed parts of the
INC program. The yellow boxes 3, 6, 7, 11, and 13 denote logical operations which control the
various branchings of the program (transfer conditions).

Box 1 takes into account the change in primary-particle momentum due to the effect of the
intranuclear potential and to refraction and reflection of the DeBroglie wave of the particle at
the nuclear boundary.

In box 2 is chosen the momentum and isospin (proton or neutron) of the intranuclear nucleon
with which the interaction occurs (for brevity we will call this nucleon the partner), and from
the given elementary cross section oy, (t) = 0¢(t) + 04, (t) (where t is the relative energy of
the primary particle and the partner taking part in the intranuclear motion) the mean free
path of the particle in nuclear matter L = L(0y,) is calculated and the point of interaction is
determined.

Box 3 tests whether this point of interaction is inside the nucleus. If it is not, then the
particle is assumed to have passed through the nucleus without interaction. The ratio of the
number of such particles to the total number of interactions considered with the nucleus Ny,
obviously characterizes the reaction cross section oy, (t).

If the point of interaction is inside the nucleus, then the type of interaction: elastic or
inelastic, is determined from the known cross sections o(t) and o0y, (f) in box 4.

In box 5 the secondary-particle characteristics are determined in accordance with the type
of interaction selected (the nature, number, energy, and the emission angle).

Box 6 is a test of whether the Pauli principle is satisfied. Interactions which do not satisfy
this principle are considered forbidden and the particle trajectory is followed beyond the point
of the forbidden interaction.

In box 7 the particle energy 7' is compared with some initially specified cutoff energy T.,;
which determinates whether this particle is sufficiently energetic (7" > T,,;) to take further part
in development of the intranuclear cascade or whether its energy is so small (7" < T, that the
particle is simply absorbed by the nucleus. In the first case the particle is followed further as
was described above. (For this the parameters of all cascade particles with energy T' > T,,; are
stored in the memory in box 8 and later the cascade calculation is repeated for each of them

!The nucleus is considered to be a degenerate Fermi gas of nucleons enclosed in the nuclear volume. According
to the Pauli principle the nucleons, after an intranuclear collision, must have energy above the Fermi energy;
otherwise such an interaction is forbidden. The action of the Pauli principle leads in effect to an increase of the
mean free path of fast particles inside the nucleus.
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Figure 2: Flow chart for the intranuclear cascade calculation.

in turn by going to boxes 9 and 2.) In the second case the INC treatment of this particle is
terminated; if this particle is a nucleon, in box 10 it contributes to the energy of the residual
nucleus and become an exciton to be further treated by the Modified-Exciton Model in box 12.

The calculation is carried out until all particles are absorbed or leave the nucleus. The
operations in boxes 8, 9, and 11 are responsible for this. If the history of one particle which
entered the nucleus had been completed (i.e., if the computer memory is empty; see box 11),
a possible preequilibrium, followed by evaporation/fission, or/and Fermi breakup stage of this
event is simulated in box 12 until the excitation energy of the residual nucleus is below the
binding energy of a neutron or other particles that could be emitted from this nucleus, then,
the history of the next particle (i.e., next “event”) is simulated (boxes 13 and 14), and so forth,
until all events are simulated and we get the needed statistics.

Any cascade calculation at not very high energies where it is still possible to neglect many-
particle interactions and the change in density of the intranuclear nucleons can be fitted into the
general scheme shown in Fig. 2. The specific form of the box operations and their complexity
are determined by the choice of the nuclear model and by the number and variety of elemen-
tary processes which it is considered necessary to take into account in a given calculation. The



individual boxes can be studied in more detail in Refs. [66] 67], as well as in the quite old,
but still one of the best monographs on the INC and other nuclear reaction models we highly
recommend to readers interested in details of high-energy nuclear reactions [3]. Some specific
details on the INC of CEM and LAQGSM are provided in the following Sections 3.1 and 3.2.

3.1. The INC of CEMO03.03

The intranuclear cascade model in CEM03.03 is based on the standard (non-time-dependent)
version of the Dubna cascade model [3, 4] [66] [67]. All the cascade calculations are carried
out in a three-dimensional geometry. The nuclear matter density p(r) is described by a Fermi
distribution with two parameters taken from the analysis of electron-nucleus scattering, namely

p(r) = pp(r) + pu(r) = po{l + exp[(r —c)/al} (1)

where ¢ = 1.07A'/3 fm, A is the mass number of the target, and a = 0.545 fm. For simplicity,
the target nucleus is divided by concentric spheres into seven zones in which the nuclear density
is considered to be constant. The energy spectrum of the target nucleons is estimated in the
perfect Fermi-gas approximation with the local Fermi energy Tr(r) = h2[372p(r)]*3/(2muy),
where my is the nucleon mass. An example of the nucleon density and the Fermi energy used
by CEMO03.01 to calculate nuclear reactions on 2°*Pb is shown in Fig. 3.

The influence of intranuclear nucleons on the incoming projectile is taken into account by
adding to its laboratory kinetic energy an effective real potential V', as well as by considering
the Pauli principle which forbids a number of intranuclear collisions and effectively increases
the mean free path of cascade particles inside the target. For incident nucleons V' = Viy(r) =
Tr(r) + €, where Tg(r) is the corresponding Fermi energy and e is the binding energy of the
nucleons. For pions, CEMO03.01 uses a square-well nuclear potential with the depth V, ~ 25
MeV, independently of the nucleus and pion energy, as was done in the initial Dubna INC [3] 4].
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Figure 3: Examples of the nucleon density and the Fermi energy used by CEM03.01 to calculate
nuclear reactions on 2%Pb.

The interaction of the incident particle with the nucleus is approximated as a series of
successive quasi-free collisions of the fast cascade particles (N, 7, or =) with intranuclear
nucleons:

NN — NN, NN — 7NN, NN — m,---,mNN |, (2)
TN — 7N, TN — 7, -, mN (1>2). (3)



In the case of pions, besides the elementary processes (3), CEM03.01 also takes into account
pion absorption on nucleon pairs
TNN — NN. (4)

The momenta of the two nucleons participating in the absorption are chosen randomly from
the Fermi distribution, and the pion energy is distributed equally between these nucleons in
the center-of-mass system of the three particles participating in the absorption. The direction
of motion of the resultant nucleons in this system is taken as isotropically distributed in space.
The effective cross section for absorption is related (but not equal) to the experimental cross
sections for pion absorption by deuterons.

In the case of photonuclear reactions [22], CEMO03.01 follows the ideas of the photonuclear
version of the Dubna INC proposed initially 35 years ago by one of us (KKG) in collaboration
with Iljinov and Toneev [68] to describe photonuclear reactions at energies above the Giant
Dipole Resonance (GDR) region [69]. [At photon energies 7', = 10-40 MeV, the DeBroglie
wavelength X is of the order of 20-5 fm, greater than the average inter-nucleonic distance in
the nucleus; the photons interact with the nuclear dipole resonance as a whole, thus the INC
is not applicable.] Below the pion-production threshold, the Dubna INC considers absorption
of photons on only “quasi-deuteron” pairs according to the Levinger model [70]:

Z(A - Z)

O',YA:L A

On~d (5)
where A and Z are the mass and charge numbers of the nucleus, L ~ 10, and 0.4 is the total
photo-absorption cross section on deuterons as defined from experimental data.

At photon energies above the pion-production threshold, the Dubna INC considers produc-
tion of one or two pions; the specific mode of the reaction is chosen by the Monte-Carlo method
according to the partial cross sections (defined from available experimental data):

v+p = pT, (6)
— n47, (7)
— pHat+a, (8)
— p—l—ﬂ'o—l—ﬂ'o, (9)
— n+7at+7°. (10)

The cross sections of v + n interactions are derived from consideration of isotopic invariance,
i.e. it is assumed that o(y +n) = o(y + p). The Compton effect on intranuclear nucleons is
neglected, as its cross section is less than =~ 2% of other reaction modes (see, e.g. Fig. 6.13 in
Ref. [71]). The Dubna INC does not consider processes involving production of three and more
pions; this limits the model’s applicability to photon energies 7', < 1.5 GeV [for T, higher than
the threshold for three-pion production, the sum of the cross sections (8)—(10) is assumed to be
equal to the difference between the total inelastic v + p cross section and the sum of the cross
sections of the two-body reactions (6)—(7)].

The integral cross sections for the free NN, 7N, and yN interactions (2)—(10) are approxi-
mated in the Dubna INC model [3] used in CEM95 [9] and its predecessors using a special algo-
rithm of interpolation/extrapolation through a number of picked points, mapping as well as pos-
sible the experimental data. This was done very accurately by the group of Prof. Barashenkov
using all experimental data available at that time, about 35 years ago. Currently the exper-
imental data on cross sections is much more complete than at that time; therefore we have
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Comparison of eight experimental total v 4+ p(d) cross sections with the old ap-
proximations used in the Dubna INC [3] and with our approximations incorporated into the
CEMO03.01 and LAQGSMO03.01 codes. The red curve gives the code results using parabolic
interpolation, while the blue solid curve uses linear interpolation between our tabulated points.
Where no blue curve is visible, it is coincident with the red curve. References to experimen-
tal data shown by black and green circles may be found in our recent paper [22]. The green
circles show recent experimental data that became available to us after we completed our fit;
Although these recent data agree reasonably well with our approximations, a refitting would
slightly improve the agreement.
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revised the approximations of all the integral elementary cross sections used in CEM95 [9] and
its predecessors. We started by collecting all published experimental data from all available
sources. Then we developed an improved, as compared with the standard Dubna INC [3],
algorithm for approximation of cross sections and developed simple and fast approximations for
elementary cross sections which fit very well presently available experimental data not only to
5 GeV, the upper recommended energy for the present version of the CEM, but up to 50-100
GeV and higher, depending on availability of data (see details in [15, 22]). So far, we have in
CEMO03.01 new approximations for 34 different types of elementary cross sections induced by
nucleons, pions, and gammas. Integral cross sections for other types of interactions taken into
account in CEMO03.01 are calculated from isospin considerations using the former as input.

Examples of several compiled experimental cross sections together with our new approxi-
mations and the old approximations from CEM95 [9] are shown in Figs. 4 and 5. We see that
our new approximations describe indeed very well all data. Although presently we have much
more data than 35 years ago when Barashenkov’s group produced their approximations used in
CEMO95, for a number of interaction modes like the total cross sections shown in the left panel
of Fig. 4, the original approximations also agree very well with presently available data, in the
energy region where the Dubna INC was developed to work. This is a partial explanation of
why the old Dubna INC [3] and the younger CEM95 [9] work so well for the majority of char-
acteristics of nuclear reactions. On the other hand, for some modes of elementary interactions
like the ones shown in the right panel of Fig. 4, the old approximations differ significantly from
the present data, demonstrating the need for our recent improvements for a better description
of all modes of nuclear reactions.

The kinematics of two-body elementary interactions and absorption of photons and pions by
a pair of nucleons is completely defined by a given direction of emission of one of the secondary
particles. The cosine of the angle of emission of secondary particles in the c.m. system is
calculated by the Dubna INC [3] as a function of a random number ¢, distributed uniformly in
the interval [0,1] as

N N
cos @ = 26172 Zan£"+(1—2an)§N+l -1, (11)
n=0 n=0
where N = M = 3,
M
an =Y anT) . (12)
k=0

The coefficients a,,; were fitted to the then available experimental data at a number of incident
kinetic energies 7; , then interpolated and extrapolated to other energies (see details in [3, 68, 69
and references therein). The distribution of secondary particles over the azimuthal angle ¢ is
assumed isotropic. For elementary interactions with more than two particles in the final state,
the Dubna INC uses the statistical model to simulate the angles and energies of products (see
details in [3]).

For the improved version of the INC in CEMO03.01, we use currently available experimental
data and recently published systematics proposed by other authors and have developed new
approximations for angular and energy distributions of particles produced in nucleon-nucleon
and photon-proton interactions. So, for pp, np, and nn interactions at energies up to 2 GeV,
we did not have to develop our own approximations analogous to the ones described by Egs.
(11) and (12), since reliable systematics have been developed recently by Cugnon et al. for

12



the Liege INC [72], then improved still further by Duarte for the BRIC code [73]; we simply
incorporate into CEMO03.01 the systematics by Duarte [73].

Examples of angular distributions of secondary particles from np reactions at several energies
are shown in Fig. 6. The new approximations reproduce the experimental data much better than

the old Dubna INC used in our previous code versions (and in several other codes developed
from the Dubna INC).

2,
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Figure 6: Example of twelve angular distributions of n from np elastic interactions as functions
of ©F at T, from 386 to 1243 MeV. The dashed lines show the old approximations from the
Dubna INC while the solid lines are the new approximations incorporated into CEMO03 and
LAQGSMO03. References to experimental data shown here by black circles may be found in our
paper [21].

In the case of yp reactions (6) and (7), we chose another way: Instead of fitting the param-
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eters a, from Eq. (11) at different £, we found data (see, e.g., Fig. 7) and finding the energy
dependence of parameters a,; in Eq. (12) using the values obtained for a,,, we took advantage of
the event generator for yp and yn reactions from the Moscow INC [74] kindly sent us by Dr. Igor
Pshenichnov. That event generator includes a data file with smooth approximations through
presently available experimental data at 50 different gamma energies from 117.65 to 6054 MeV
(in the system where the p or n interacting with ~y is at rest) for the c.m. angular distributions
do /dS) of secondary particles as functions of © tabulated for values of © from 0 to 180 deg.,
with the step A©® = 10 deg., for 60 different channels of vp and yn reactions considered by
the Moscow INC (see details in [74]). We use part of that data file with data for reactions (6)
and (7), and have written an algorithm to simulate unambiguously do/d) and to choose the
corresponding value of © for any £, using a single random number £ uniformly distributed in
the interval [0,1]. This is straightforward due to the fact that the function £(cos©)

cos ©

1
£(cos©) = /da/decos@//da/decos@
1

-1

is a smooth monotonic function increasing from 0 to 1 as cos © varies from -1 to 1. Naturally,
when E, differs from the values tabulated in the data file, we perform first the needed inter-
polation in energy. We use this procedure to describe in CEMO03.01 angular distributions of
secondary particles from reactions (6) and (7), as well as for isotopically symmetric reactions
y4+n—-n+7nlandy+n—p+a.

Examples of eight angular distributions of 7% from vp — 7n as functions of OF,  _ are
presented in Fig. 7. We see that the approximations developed in CEM03.01 (solid histograms)
agree much better with the available experimental data than the old Dubna INC approximations
(11)—(12) used in all predecessors of CEMO03 (dashed histograms).

The analysis of experimental data has shown that the channel (8) of two-pion photo-
production proceeds mainly through the decay of the A** isobar listed in the last Review
of Particle Physics by the Particle Data Group as having the mass M = 1232 MeV

T+p — AT 47,
AT = ptat, (13)

3 3) are small and can be

whereas the production cross section of other isobar components (5, 5
neglected. The Dubna INC uses the Lindenbaum-Sternheimer resonance model [75] to simulate

the reaction (13). In this model, the mass of the isobar M is determined from the distribution

dW
where F is the total energy of the system, F' is the two-body phase space of the isobar and 7~
meson, and ¢ is the isobar production cross section which is assumed to be equal to the cross
section for elastic 77 p scattering,.

The c.m. emission angle of the isobar is approximated using Eqs. (11) and (12) with the
coefficients a,y listed in Tab. 3 of Ref. [69]; isotropy of the decay of the isobar in its c.m. system
is assumed.

In order to calculate the kinematics of the non-resonant part of the reaction (8) and the
two remaining three-body channels (9) and (10), the Dubna INC uses the statistical model.
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at photon energies from 200 MeV to 1.52 GeV. The dashed lines show the old approximations
used in the Dubna INC PRM while the solid lines are our new approximations incorporated

into the CEMO03 and LAQGSMO3 codes. References to experimental data shown by symbols
may be found in our recent paper [22].

The total energies of the two particles (pions) in the c.m. system are determined from the
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distribution
dw

dE,.dE,,
and that of the third particle (nucleon, N) from conservation of energy. The actual simulation

of such reactions is done as follows: Using a random number &, we simulate in the beginning
the energy of the first pion using

(E - E7T1 - Eﬁz)EmEﬂz/E ) (15)

Er = mg +E(ERY —myg,),

where
ET = [E” +m2, — (mg, + my)?]/2E.

Then, we simulate the energy of the second pion E,, according to Eq. (15) using the Monte-
Carlo rejection method. The energy of the nucleon is calculated as Ey = F — E;, — E.,,
following which we check that the “triangle law” for momenta

|p7r1 _p7T2| < PN < |p7T1 +p7r2|

is fulfilled, otherwise this sampling is rejected and the procedure is repeated. The angles © and
@ of the pions are sampled assuming an isotropic distribution of particles in the c.m. system,

cos On, =26 — 1, cos On, =28 — 1, Omy = 2mE3, Omy = 2TEy,

and the angles of the nucleon are defined from momentum conservation, py = —(Pr, + Pry)-
More details on our new approximations for differential elementary cross sections may be found
in [21], 27].

The Pauli exclusion principle at the cascade stage of the reaction is handled by assuming
that nucleons of the target occupy all the energy levels up to the Fermi energy. Each simulated
elastic or inelastic interaction of the projectile (or of a cascade particle) with a nucleon of the
target is considered forbidden if the “secondary” nucleons have energies smaller than the Fermi
energy. If they do, the trajectory of the particle is traced further from the forbidden point and
a new interaction point, a new partner and a new interaction mode are simulated for the traced
particle, etc., until the Pauli principle is satisfied or the particle leaves the nucleus.

In this version of the INC, the kinetic energy of the cascade particles is increased or decreased
as they move from one of the seven potential regions (zones) to another, but their directions
remain unchanged. That is, in our calculations, refraction or reflection of cascade nucleons
at potential boundaries is neglected. CEMO03.01 allows us to take into account refractions and
reflections of cascade nucleons at potential boundaries; for this, one needs to change the value of
the parameter irefrac from 0 to 1 in the subroutine initial. But this option provides somewhat
worse overall agreement of calculations with some experimental data, therefore the option of
no refractions/reflections was chosen as the default in CEMO03.01.

The INC in CEM does not take into account the so-called “trawling” effect [3]. That is, in
the beginning of the simulation of each event, the nuclear density distributions for the protons
and neutrons of the target are calculated according to Eq. (1) and a subsequent decrease of the
nuclear density with the emission of cascade particles is not taken into account. Our detailed
analysis of different characteristics of nucleon- and pion-induced reactions for targets from C
to Am has shown that this effect may be neglected at incident energies below about 5 GeV in
the case of heavy targets like actinides and below about 1 GeV for light targets like carbon.
At higher incident energies the progressive decrease of nuclear density with the development of
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the intranuclear cascade has a strong influence on the calculated characteristics and this effect
has to be taken into account [3]. Therefore, in transport codes that use as event generators
both CEMO03.01 [23] and our high-energy code LAQGSMO03.01 [24], we recommend simulating
nuclear reactions with CEM03.01 at incident energies up to about 1 GeV for light nuclei like C
and up to about 5 GeV for actinide nuclei, and to switch to simulations using LAQGSMO03.01,
which considers the “trawling” effect, at higher energies of transported particles.

An important ingredient of the CEM is the criterion for transition from the intranuclear
cascade to the preequilibrium model. In conventional cascade-evaporation models (like the
Bertini INC used in MCNPX [52]), fast particles are traced down to some minimal energy, the
cutoff energy T,,; (or one compares the duration of the cascade stage of a reaction with a cutoff
time, in “time-like” INC models, such as the Liege INC [72]). This cutoff is usually less than
~ 10 MeV above the Fermi energy, below which particles are considered to be absorbed by the
nucleus. The CEM uses a different criterion to decide when a primary particle is considered to
have left the cascade.

An effective local optical absorptive potential W, moq. (1) is defined from the local interac-
tion cross section of the particle, including Pauli-blocking effects. This imaginary potential is
compared to one defined by a phenomenological global optical model Wi ¢zp (7). We charac-
terize the degree of similarity or difference of these imaginary potentials by the parameter

P :| (Wopt. mod. — Wopt. e:cp.)/Wopt. exp. | . (16)

When P increases above an empirically chosen value, the particle leaves the cascade, and is
then considered to be an exciton. From a physical point of view, such a smooth transition from
the cascade stage of the reaction seems to be more attractive than the “sharp cut-off” method.
In addition, as was shown in Ref. [2], this improves the agreement between the calculated and
experimental spectra of secondary nucleons, especially at low incident energies and backward
angles of the detected nucleons (see e.g., Figs. 3 and 11 of Ref. [2]). More details about this
can be found in [2, [I7, [76].

CEMO03.01 uses a fixed value P = 0.3 (at incident energies below 100 MeV), just as all
its predecessors did. With this value, we find that the cascade stage of the CEM is generally
shorter than that in other cascade models. This fact leads to an overestimation of preequi-
librium particle emission at incident energies above about 150 MeV, and correspondingly to
an underestimation of neutron production from such reactions, as was established in Ref. [17].
In Ref. [I7], this problem was solved temporarily in a very rough way by using the transition
from the INC to the preequilibrium stage according to Eq. (16) when the incident energy of
the projectile is below 150 MeV, and by using the “sharp cut-oft” method with a cutoff energy
T..: =1 MeV for higher incident energies. This “ad hoc” rough criterion solved the problem of
underestimating neutron production at high energies, providing meanwhile a reasonably good
description of reactions below 150 MeV. But it provides an unphysical discontinuity in some
observables calculated by MCNPX using CEM2k [I7] as an event generator, observed but not
understood by Broeders and Konobeev [77]. In CEMO03.01, this problem is solved by using a
smooth transition from the first criterion to the second one in the energy interval from 75 to
225 MeV, so that no discontinuities are produced in results from CEMO03.01.

Beside the changes to the Dubna INC mentioned above, we also made in the INC a number of
other improvements and refinements, such as imposing momentum-energy conservation for each
simulated event (the Monte-Carlo algorithm previously used in the CEM provided momentum-
energy conservation only statistically, on the average, but not exactly for each simulated event)
and using real binding energies for nucleons in the cascade instead of the approximation of
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a constant separation energy of 7 MeV used in previous versions of the CEM. We have also
improved many algorithms used in the Monte-Carlo simulations in many subroutines, decreasing
the computing time by up to a factor of 6 for heavy targets, which is very important when
performing practical simulations with transport codes like MCNPX or MARS.

Let us mention that in the CEM the initial configuration for the preequilibrium decay
(number of excited particles and holes, i.e. excitons ng = pg + ho, excitation energy Ej, lin-
ear momentum Py, and angular momentum L of the nucleus) differs significantly from that
usually postulated in exciton models. Our calculations [2, [78, [79] have shown that the dis-
tributions of residual nuclei remaining after the cascade stage of the reaction, i.e. before the
preequilibrium emission, with respect to ng, po, ho, Eg, Po, and Lg are rather broad.?

CEMO03.01 (just like LAQGSMO03.01 and many other INC-based models) calculates the total
reaction cross section, oy,, by the Monte-Carlo method using the geometrical cross section,
Ogeom, and the number of inelastic, NN;,, and elastic, N, simulated events, namely: o;, =
0geomNin/ (Nin+ Nei). The value of the total reaction cross section calculated this way is printed
in the beginning of the CEMO03.01 output labeled as Monte Carlo inelastic cross section. This
approach provides a good agreement with available data for reactions induced by nucleons,
pions, and photons at incident energies above about 100 MeV, but is not reliable enough at
energies below 100 MeV (see, e.g., Figs. 8 and 9 below).

To address this problem, we have incorporated [19] into CEM03.01 the NASA systematics by
Tripathi et al. [80] for all incident protons and for neutrons with energies above the maximum in
the NASA reaction cross sections, and the Kalbach systematics [81] for neutrons of lower energy.
For reactions induced by monochromatic and bremsstrahlung photons, we incorporate [22] into
CEMO03.01 the recent systematics by Kossov [82]. Details on these systematics together with
examples of several total inelastic cross sections calculated with them compared with available
experimental data may be found in [19, 22]. Our analysis of many different reactions has
shown that at incident energies below about 100 MeV these systematics generally describe the
total inelastic cross sections better that the Monte-Carlo method does, and no worse than the
Monte-Carlo method at higher energies. Therefore we choose these systematics as the default
for normalization of all CEMO03.01 results. The total reaction cross sections calculated by these
systematics are printed in the CEMO03.01 output labeled as Inelastic cross section used here.
(Of course, users may re-normalize all the CEMO03.01 results to the Monte-Carlo total reaction
cross sections by making a small change to the code in the subroutine typeout).

Let us note, however, that in applications, when CEM03.01 and LAQGSMO03.01, or any other
codes, are used as event generators in transport codes, it does not matter how they calculate
the total reaction cross sections (normalization): All transport codes use their own routines or
systematics to calculate the total elastic and inelastic cross sections of the projectiles, before
starting to simulate with an event generator an inelastic interaction of the traced projectile
with a nucleus of the thick target.

To summarize this Section, in comparison with the initial version of the Dubna INC [3] [4]

2Unfortunately, this fact was misunderstood by the authors of the code HETC-3STEP [59]. In spite of
the fact that it has been stressed explicitly, and figures with distributions of excited nuclei after the cascade
stage of a reaction with respect to the number of excitons and other characteristics were shown in a number
of publications (see, e.g., Fig. 5 in Ref. [2], Fig. 1 in Ref. [79], p. 109 in Ref. [78], and p. 706 in Ref. [26]), the
authors of Ref. [59] misstated this fact as “Gudima et al. assumed the state of two particles and one hole at
the beginning --- Hence, their assumption is not valid for the wide range of incident energy”, claiming this as
a weakness of the CEM and a priority of the code HETC-3STEP, where smooth distributions of excited nuclei
after the cascade stage of reactions with respect to ng are used. This had already been done in the CEM [IJ, 2].
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Figure 9: Examples of total photoabsorption cross sections for ''¥Sn, '8 Ta, 1°7Au, 208Pb,
232Th, and ?®U as functions of photon energy. The red lines marked as “GABS.FOR” are
results by a CEM03.01 subroutine written to reproduce Kossov’s [82] systematics, as described
in [22]. The green line marked as “LANL”, “KAERI”, or “BOFODM?” show the evaluations
by LANL, KAERI, or by a collaboration between IPPE/Obninsk and CDFE/Moscow (the
BOFOD(MOD) Library) from the IAEA Photonuclear Data Library [85]. Results from the
photonuclear version of CEM95 [7] and from CEM2k as modified for MCNPX by Gallmeier
[86] are shown by the blue and brown dashed lines, respectively. References to experimental
data shown by different symbols may be found in our recent paper [22].
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used in CEM95 [9], for CEM03.03 we have:

1) developed better approximations for the total elementary cross sections;

2) developed new approximations to describe more accurately experimental elementary en-
ergy and angular distributions of secondary particles from hadron-hadron and photon-hadron
interactions;

3) normalized the photonuclear reactions to detailed systematics developed by M. Kossov
and the nucleon-induced reactions, to NASA and Kalbach systematics;

4) changed the condition for transition from the INC stage of a reaction to preequilibrium;
on the whole, the INC stage in CEM03.01 is longer while the preequilibrium stage is shorter in
comparison with previous versions;

5) incorporated real binding energies for nucleons in the cascade instead of the approxima-
tion of a constant separation energy of 7 MeV used in the initial versions of the CEM;

6) imposed momentum-energy conservation for each simulated even (provided only “on the
average” by the initial versions);

7) changed and improved the algorithms of many INC routines and almost all INC routines
were rewritten, which speeded up the code significantly;

8) fixed some preexisting bugs.

On the whole, the INC of CEMO03.01 describes nuclear reactions better and much faster
than the the initial version of the Dubna INC [3| 4] used in CEM95 [9]. One example of results
by the INC from our CEMO03.01 is shown in Fig. 10, namely, 7° spectra from 500 MeV 7~ + Cu.
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Figure 10: Experimental 7¥ spectra from 500 MeV 7~ + Cu [27, 87] compared with CEM03.01
results. Let us recall here that as pions are produced by CEMO03.01 only at the INC stage of
reactions, calculated pion spectra do not depend at all on how other reaction mechanisms like
coalescence, evaporation, fission, or Fermi breakup are calculated.
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3.2. The INC of LAQGSMO03.03

The INC of LAQGSMO03.03 is described with a recently improved version [12] 24] 88] of
the time-dependent intranuclear cascade model developed initially at JINR in Dubna, often
referred to in the literature as the Dubna intranuclear Cascade Model, DCM (see [89] and
references therein). The DCM models interactions of fast cascade particles (“participants”)
with nucleon spectators of both the target and projectile nuclei and includes as well interactions
of two participants (cascade particles). It uses experimental cross sections at energies below 4.5
GeV /nucleon, or those calculated by the Quark-Gluon String Model [90]-[96] at higher energies
to simulate angular and energy distributions of cascade particles, and also considers the Pauli
exclusion principle.

In contrast to the CEMO03.01 version of the INC described above, DCM uses a continuous
nuclear density distribution (instead of the approximation of several concentric zones, where
inside each the nuclear density is considered to be constant); therefore, it does not need to
consider refraction and reflection of cascade particles inside or on the border of a nucleus.
It also keeps track of the time of an intranuclear collision and of the depletion of the nuclear
density during the development of the cascade (the so-called “trawling effect” mentioned above)
and takes into account the hadron formation time (see Fig. 11).

Before starting to simulate an INC event, position of The projectile interacts (in point A) with the nearest
all IntraNuclear nucleons are simulated and “frozen” target nucleon met inside the cylinder with the radius r

t'y24..is the formation time of the cascade particle #1(2,3,...)
Ift,<ty, t, <ts..., and t, > t',, particle #2 interacts first in point C

Figure 11: An illustrative scheme of a target nucleus, of interaction points of cascade particles
(participants) with intranuclear nucleons (spectators), and of selection of the corresponding
time of such interactions, as performed in the INC used in LAQGSM.

In the INC used in LAQGSM, all the new approximations developed recently for the INC
of CEMO03.01 to describe total cross sections and elementary energy and angular distributions
of secondary particles from hadron-hadron interactions have been incorporated [24]. Then, a
new high-energy photonuclear reaction model based on the of the event generators for vp and
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wn reactions from the Moscow INC [74] kindly provided us by Dr. Igor Pshenichnov, and on
the latest photonuclear version of CEM [22] was developed and incorporated [88] into the INC
of LAQGSM, which allows us to calculate reactions induced by photons with energies of up to
tens of GeV. Finally, the algorithms of many LAQGSM INC routines were changed and some
INC routines were rewritten, which speeded up the code significantly; some preexisting bugs in
the DCM were fixed; many useful comments were added [12].

In the latest version of LAQGSM, LAQGSMO03.03 [12], the INC was modified for a better
description of nuclear reactions at very high energies (above 20 GeV /nucleon), namely:

1) The latest fits to currently available evaluated experimental databases for the total and
elastic 7 p, 7 p, pp, and pn cross sections (see Chapter 40 in the last Review of Particle Physics
[98] and references therein) have been incorporated into LAQGSM. LAQGSM03.03 uses now
these approximations at energies above 20-30 GeV, and its own approximations developed for
CEMO03.01 [23] at lower energies.

2) Previously, LAQGSM was used only at energies below 800 GeV. In [12], the possibility
of using LAQGSMO03.03 at ultra-relativistic energies, above 1 TeV was studied. It was found
that to describe ultra-high energy reactions, the value of the parameter o, = 0.51 GeV/c in
the transverse momentum distribution of the constituent quarks of QGSM (see Eq. (12) in [13]
or Eq. (10) in Ref. [93]) has to be increased from 0.51 GeV/c at T, < 200 GeV [13] to ~ 2
GeV/c at T, ~ 21 TeV.

More details on the INC and other nuclear reaction models considered by different versions
of LAQGSM may be found in Refs. [12], [13, 24] 88, [97]. Several examples of recent results by
LAQGSM are shown in Figs. 12-16.

Fig. 12 shows a test of LAQGSMO03.03 on inclusive pion production spectra in proton-
beryllium collisions at 6.4, 12.3, and 17.5 GeV/c obtained from data taken by the already quite
old E910 measurements at Brookhaven National Laboratory, but analyzed and published only
several months ago [99]. Let us recall again that pions are produced only at the INC stage of
reactions, without any contributions from other reaction mechanisms, so that such results test
just the INC part of any model. We see that LAQGSMO03.03 describes these pion spectra quite
well, just as we obtained and published with previous versions of LAQGSM for other spectra
of different particles measured by the E910 experiment.

Fig. 13 presents part of the recent extensive experimental data on fragmentation cross
sections of ?8Si on H, C, Al, Cu, Sn, and Pb at energies from 290 to 1200 MeV /nucleon [100].
Such measurements are of interest for NASA to plan long-duration space-flights and to test
the models used to evaluate radiation exposure in flight, and were performed at many incident
energies in this energy range at the Heavy Ion Medical Accelerator in Chiba (HIMAC) and at
Brookhaven National Laboratory (see details in [100] and references therein). We calculate in
our model practically all these data, but here limit ourselves to examples of results for only
three energies, for each measured target. For comparison, we present in Fig. 13 results from
both LAQGSM03.03 (solid lines) and its predecessor LAQGSM03.02 (dashed lines). In general,
LAQGSMO03.03 describes these new data slightly better than LAQGSMO03.02 [63], although this
is not obvious on the scale of the figure. The agreement of our calculations with these data is
excellent, especially considering that the results presented in this figure, just as all our other
results shown in these lectures, are obtained without fitting any parameters in our codes;
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Figure 12: Measured inclusive forward 7+ and 7~ spectra from 6.4, 12.3, and 17.5 GeV/c p +
9Be [99] compared with LAQGSMO03.03 results at angles of detection as indicated in the plots.
For reactions induced by 6.4 GeV/c protons, we also show LAQGSMO03.03 predictions [12] for

unmeasured spectra at 90 and 159 degrees.
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Figure 13: Atomic-number dependence of the fragment-production cross sections from the
interactions of #Si of about 270, 560, and 1150 MeV /nucleon with H, C, Al, Cu, Sn, and Pb,
as indicated. Filled circles are measurements by Zeitlin et al. [100]; solid lines are results from
LAQGSMO03.03 [12], while dashed lines are results from LAQGSM03.02 [63].
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we simply input A and Z of the projectile and target and the energy of the projectile, then
calculate without changing or fitting anything.

Fig. 14. shows proton spectra spectra at 30, 60, 90, 120 and 150 degrees from interaction
of bremsstrahlung v quanta of maximum energy 4.5 GeV with 2C, 27Al, %3Cu, and 2°®Pb.
Experimental data shown by symbols in the figures are quite old, measured about 30 years
ago by Alanakyan et al. [101] [102], however, to the best of our knowledge, we have described
with LAQGSMO03.01 these data for the first time: We do not know of any publications or
oral presentations where these measurements were reproduced by a theoretical model, event
generator, or transport code.
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