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We extend the cascade-exciton model (CEM), and the Los Alamos version of the quark-gluon string model
(LAQGSM), event generators of the Monte Carlo N-particle transport code version 6 (MCNP6), to describe
production of energetic light fragments (LF) heavier than *“He from various nuclear reactions induced by particles
and nuclei at energies up to about 1 TeV/nucleon. In these models, energetic LF can be produced via Fermi
breakup, preequilibrium emission, and coalescence of cascade particles. Initially, we study several variations of
the Fermi breakup model and choose the best option for these models. Then, we extend the modified exciton
model (MEM) used by these codes to account for a possibility of multiple emission of up to 66 types of particles
and LF (up to 2®Mg) at the preequilibrium stage of reactions. Then, we expand the coalescence model to allow
coalescence of LF from nucleons emitted at the intranuclear cascade stage of reactions and from lighter clusters,
up to fragments with mass numbers A < 7, in the case of CEM, and A < 12, in the case of LAQGSM. Next,
we modify MCNP6 to allow calculating and outputting spectra of LF and heavier products with arbitrary mass
and charge numbers. The improved version of CEM is implemented into MCNP6. Finally, we test the improved
versions of CEM, LAQGSM, and MCNP6 on a variety of measured nuclear reactions. The modified codes give
an improved description of energetic LF from particle- and nucleus-induced reactions; showing a good agreement
with a variety of available experimental data. They have an improved predictive power compared to the previous

versions and can be used as reliable tools in simulating applications involving such types of reactions.
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I. INTRODUCTION

The Los Alamos National Laboratory (LANL) Monte Carlo
N -particle transport code MCNPG6 [1] uses by default the latest
version of the cascade-exciton model (CEM), CEM03.03 [2—
4], as its event generator to simulate reactions induced by
nucleons, pions, and photons of energies up to 4.5 GeV and
the Los Alamos version of the quark-gluon string model
(LAQGSM), LAQGSMO03.03 [4-6], to simulate such reactions
at higher energies, as well as reactions induced by other
elementary particles and by nuclei of all energies up to
~1 TeV /nucleon.

MCNP6 is used around the world by several thousands of
users in applications ranging from radiation protection and
dosimetry, nuclear-reactor design, nuclear criticality safety,
detector design and analysis, decontamination and decom-
missioning, accelerator applications, medical physics, space
research, and beyond. This is why it is important that MCNP6
predicts as well as possible arbitrary nuclear reactions,
including production of energetic light fragments (LF).

At lower energies, MCNP6 uses tables of evaluated nuclear
data (referred to as “data libraries”), while for higher energies
(>150 MeV), MCNP6 uses CEMO03.03 and LAQGSM03.03
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as mentioned above, as well as by default for some reactions,
or when chosen by users, the Bertini intranuclear cascade
(INC) [7], ISABEL [8], or the INC developed at Liege (INCL)
by Cugnon and colleagues from CEA/Saclay, France, version
INCLA4.2 [9], merged with the evaporation/fission and Fermi
breakup models available in MCNP6 (see details in Ref. [1]).

Emission of energetic heavy clusters from nuclear reac-
tions plays a critical role in several applications, including
electronics performance in space, human radiation dosages
in space or other extreme radiation environments, proton
and heavy-ion therapy in cancer treatment, accelerator and
shielding applications, and more.

Understanding the production of LF is very interesting also
from a scientific point of view, as there is still uncertainty
about the dependences of the different reaction mechanisms
on the energy of the inducing particle, the mass number of
the target, and the type and emission energy of the fragments.
To the best of our knowledge, none of the currently available
simulation tools are able to accurately predict emission of LF
from arbitrary reactions. This research may help to understand
better the mechanisms of nuclear reactions at intermediate and
high energies.

This work focuses significantly on the emission of high-
energy LF at the preequilibrium stage of nuclear reactions, as
considered in these models. However, high-energy LF can be
produced by other reaction mechanisms. For example, Cugnon
et al. have extended their Liege intranuclear cascade (INCL)
code to consider emission of LF heavier than “He during the
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cascade stage of reactions via coalescence of several nucleons
at the nuclear periphery [10]. But INCL has not yet been
generalized across all types of nuclear reactions; it does not
work yet for heavy-ion-induced reactions and is currently
limited to incident energies only below several GeV /nucleon
The most advanced versions of INCL so far published work
only for projectiles with A < 18 and at incident energies below
15-20 GeV /nucleon.

Emission of "Be at the preequilibrium stage (described by
a hybrid exciton model and coalescence pick-up model) was
studied by Konobeyev and Korovin two decades ago [11].
Preequilibrium emission of helium and lithium ions was
discussed in Ref. [12]. Preequilibrium emission of light
fragments was also studied within the CEM in 2002 [13],
but that project was never completed.

Besides preequilibrium emission, energetic fragments can
be produced also via Fermi breakup [14] and multifrag-
mentation processes, as described, e.g., by the statistical
multifragmentation model (SMM) [15].

Additionally, energetic LF could in principle also be
produced at the earliest stages of nuclear reactions as described
by various versions of quantum molecular dynamics (QMD)
(see, e.g., Ref. [16] and references therein). With sufficient
development, QMD might be able to describe fragment
production of the sort considered in this paper. However,
currently it does not have as good a predictive power as do
simpler and much faster INC-type models. We are not aware
of any publication where LF spectra are predicted well by
a version of QMD. In addition, as was determined by three
international comparisons of models and codes for spallation
reaction applications performed since 1992 under the auspices
of the Nuclear Energy Agency of the Organization for
Economic Co-operation and Development (NEA/OECD) and
the International Atomic Energy Agency (IAEA), generally,
all tested versions of QMD showed a worse predictive power
in comparison with INC-type models. In addition, current
QMD codes are about 100-300 times slower than INC-type
event generators, which makes them less practical for complex
simulation applications, even those using currently available
supercomputers. Therefore, QMD is not yet ready to be widely
used in realistic nuclear simulation applications (see details
and references, e.g., in Refs. [17,18]).

Lastly, the authors of most of the recent measurements of LF
spectra analyze their experimental data using different simpli-
fied approaches assuming emission of LF from moving sources
(see, e.g., Refs. [19-21]). Such simplified moving-source
prescriptions are fitted to describe as well as possible only
their own measured LF spectra, and have not been developed
further to become universal models with predictive power for
spectra of LF from arbitrary reactions. Such approaches cannot
describe at all many other characteristics of nuclear reactions,
such as the yields and energies of spallation products, fission-
fragment production, etc., and therefore cannot be used as
event generators in transport codes.

For detailed information on spallation reactions, models,
and researches, see the book Handbook of Spallation Re-
search, by Filges and Goldenbaum [17]. A useful recent
summary paper by David, on spallation models, is available in
Ref. [18].

PHYSICAL REVIEW C 95, 034613 (2017)

103HH‘HH\‘HH\“HH‘\HH‘\HH‘\HHéH\H‘H\H‘HH\‘HH\‘H\“\
, - . 200 MeV p +ZAl °Li + ... © 20 deg x 107
10" "o o 45 deg x 102
SR - i «*mi"""r«m _ A 60degx 10
=10'H . A i W e © 90 deg x 10
) = B R
> 0 Illr"ilﬁ= ¢ 'm.:,o _
é) 10°F o e -r‘":"-“'rmr é‘“-(...
E v e e
= St | L
= L T 1 i
£107E R . 0 (ﬁlﬁ
~ =Ty,
= T2, o
-2 AW
%‘ 10 _ E-";éﬂ OO ?
oy A,
S0 N i
©
N
©

[y B A
T % X K
- '\'rvw lr&’o N A s
" ‘\-'Yv'.,,
O 110 aeg Lt | P, ¢
s —-CEMO03.03~ Py
10°E — CEMO03.03F W m;
1 N A T

10—6\HHMHHMHH\HH 1
0 10 20 30 40 50 60 70 80 90 100 110 120

Fragment kinetic energy T (MeV)

FIG. 1. Comparison of experimental °Li spectra at 20, 45, 60,
90, and 110 degrees by Machner et al. [19] (open symbols) with
calculations by the unmodified CEMO03.03 (dashed histograms) and
results by the newly revised CEMO03.03F (solid histograms), as
discussed in the text.

The CEM and LAQGSM event generators in MCNP6
describe quite well the spectra of emitted particles and of
fragments with sizes up to *He across a broad range of target
masses and incident energies (up to ~5 GeV for CEM and up to
~1 TeV /nucleon for LAQGSM), as well as the yields of most
spallation and fission products (see, e.g., Refs. [4,22,23] and
references therein). However, as shown by dashed histograms
in Fig. 1, these models do not predict well the high-energy
tails of LF spectra heavier than *He.

This is true for other projectiles, incident energies, and
target mass numbers for all fragments heavier than “He. At
lower energies of ejectiles (<25 MeV), CEM describes well
the data, but for intermediate energies (=25 MeV) the CEM
predictions fall off sharply. This is because the only mechanism
currently included for producing °Li fragments is evaporation,
which considers emission of LF (up to 2*Mg) [24]. At higher
energies (=25 MeV), the fragments should largely be produced
by these models at the preequilibrium stage which would
require an improved modified exciton model (MEM), as well
as a contribution from the coalescence of nucleons produced
in the INC with A > 4. Neither the MEM nor the coalescence
model used by the 03.03 versions of CEM and LAQGSM
considers these heavier fragments.

The aim of this work is to extend the precompound model
in these event generators to include such processes, leading
to an increase of predictive power for LF production in
MCNP6. This entails upgrading the MEM currently used at the
preequilibrium stage in CEM and LAQGSM. It also includes
verifying and extending the coalescence and the Fermi breakup
models used in the precompound stages of spallation reactions
within CEM and LAQGSM.

II. CEM AND LAQGSM OVERVIEW

Details, examples of results, and useful references to
different versions of CEM and LAQGSM may be found in a
recent lecture [4].

034613-2



PRODUCTION OF ENERGETIC LIGHT FRAGMENTS IN ...

The cascade-exciton model of nuclear reactions was pro-
posed more than 30 years ago at the Laboratory of Theoretical
Physics, JINR, Dubna, USSR by Gudima, Mashnik, and
Toneev [3]. It is based on the standard (non-time-dependent)
Dubna intranuclear cascade model [25,26] and the modified
exciton model [27,28]. The code LAQGSMO03.03 is the latest
modification [6] of LAQGSM [5], which in its turn is an
improvement of the quark-gluon string model (QGSM) [29].
It describes reactions induced by both particles and nuclei at
incident energies up to about 1 TeV /nucleon.

The basic versions of both the CEM and LAQGSM
event generators are the so-called “03.03” versions, namely
CEMO03.03 [2—4] and LAQGSMO03.03 [4-6]. The CEM code
calculates nuclear reactions induced only by nucleons, pions,
and photons. It assumes that the reactions occur in three
stages. The first stage is the INC, in which primary particles
can be rescattered and produce secondary particles several
times prior to absorption by, or escape from, the nucleus.
When the cascade stage of a reaction is completed, CEM
uses the coalescence model to create high-energy d, ¢, *He,
and *He by final-state interactions among emitted cascade
nucleons outside the target. The emission of the cascade
particles determines the particle-hole configuration, Z, A, and
the excitation energy that comprise the starting conditions
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 MEM of preequilibrium
decay, followed by the equilibrium evaporation/fission stage
described using a modification of the generalized evaporation
model (GEM) code GEM2 by Furihata [24].

Generally, all three components may contribute to exper-
imentally measured particle spectra and other distributions.
But if the residual nuclei after the INC have atomic numbers
with A < Apermi = 12, CEM uses the Fermi breakup model
to calculate their further disintegration instead of using
the preequilibrium and evaporation models. Fermi breakup,
which estimates the probabilities of various final states by
calculating the approximate phase space available for each
configuration, is much faster to calculate and gives results
very similar to those from using the continuation of the
more detailed models for lighter nuclei. LAQGSM also
describes nuclear reactions as a three-stage process: an INC,
followed by preequilibrium emission of particles during the
deexcitation of the excited residual nuclei formed after the
INC, followed by evaporation of particles from and/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 that in CEM. LAQGSM 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.

From this brief overview of these models, it is clear
that energetic LF can only be produced in this approach
through one of the following three processes: Fermi breakup,
preequilibrium emission, and coalescence. Below, we explore
each of these mechanisms.
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Many people participated in the development of CEM and
LAQGSM over their more than 40-year history. Contributors
to the “03.03” versions are Mashnik, Gudima, Sierk, Prael,
Baznat, and Mokhov. Kerby joined these efforts recently,
primarily to extend the precompound models of CEM and
LAQGSM by accounting for possible emission of LF heavier
than “He, specifically up to 2*Mg.

For more details on the physics of CEM and LAQGSM, see
Ref. [4] and references therein.

III. FERMI BREAKUP

Generally, after the fast INC stage of a nuclear reaction, a
much slower evaporation/fission stage follows, with or without
taking into account an intermediate preequilibrium stage
between the INC and the equilibrated evaporation/fission. Such
a picture is well grounded in the case of heavy nuclei, as
both evaporation and fission models are based on statistical
assumptions, requiring a large number of nucleons. Naturally,
in the case of light nuclei with only a few nucleons, statistical
models are less well justified. In addition, such light nuclei like
carbon and oxygen exhibit considerable «-particle clustering,
not accounted for in evaporation/fission models. This is why
in the case of light excited nuclei, their deexcitation is often
calculated using the so-called Fermi breakup model, suggested
initially by Fermi [14].

It is impossible to measure all nuclear data needed for
applications involving light target nuclei; therefore, Monte
Carlo transport codes are usually used to simulate fragmen-
tation reactions. It is important that available transport codes
predict such reactions as well as possible. For this reason,
efforts have been made recently to investigate the validity
and performance of, and to improve where possible, nuclear
reaction models used by such transport codes as GEANT4
(e.g., [30]), SHIELD-HIT (e.g., [31]), PHITS (e.g., [32]), as
well as MCNP6 (e.g., [33,34]).

Deexcitation of light nuclei with A < Aperm remaining
after the INC, the preequilibrium model, or at any stage
of the fission/evaporation model, is described in CEM and
LAQGSM only with the Fermi breakup model, where Apermi
is a “cutoff value” fixed in the models. The value of Afermi
is a model parameter, not a physical characteristic of nuclear
reactions. Actually, the initial version of the Fermi breakup
model incorporated into CEM and LAQGSM (see details
in Ref. [4]) used A < Apermi = 16, just as Apermi = 16 is
used currently in GEANT4 (see [30]) and in SHIELD-HIT
(see [31]). But that initial version of the Fermi breakup model
had some problems and caused code crashes in some cases
(see details in Ref. [4]). To avoid unphysical results and code
crashes, we chose the expedient of using Apermi = 12 in both
CEM and LAQGSM. Later, the problems in the Fermi breakup
model were fixed in the codes, but the value of Aperm; Was not
changed. We now address how its value affects the results of
these codes, calculating spectra of emitted particles and LF,
and yields of all possible products from various reactions using
different values for Agerm;.

One of the most difficult tasks for any theoretical model is
to predict cross sections of arbitrary products as functions of
the incident energy of the projectile initiating the reaction,
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FIG. 2. Excitation functions for the production of '*C and "Be,
calculated with CEMO03.03 using the “standard” version of the Fermi
breakup model (Agerm; = 12) and with cutoff values Apem; of 14 and
16 (lines), as well as with MCNP6 using CEMO03.03 (Apermi = 12;
solid points) compared with experimental data (open symbols), as
indicated. Experimental data are from the T16 Lib compilation [35].

i.e., “excitation functions.” Therefore, we start the study
by comparing the available experimental data on excitation
functions of products from several proton-induced reactions
on light nuclei at intermediate energies with predictions by
MCNP6 using its default event generator for such reactions,
CEMO03.03, as well as with results calculated by CEMO03.03
used as a stand-alone code.

We show as examples two excitation functions, for proton-
induced reactions on '°0. Many more results can be found
in Ref. [33]. Figure 2 presents results for the reaction p +
160. Most of the experimental data for these reactions were
measured on "™ O targets, with only a few data points obtained
for pure '°0; all the calculations use °O. For these reactions,
we perform three sets of calculations, using Apermi = 12, 14,
and 16 in CEMO03.03. The general agreement/disagreement of
the results with available measured data for oxygen is very
similar to what was displayed in Ref. [33] for p + “N, ?7Al,
or "Si.

PHYSICAL REVIEW C 95, 034613 (2017)

Our results demonstrate very good agreement between the
excitation functions simulated by MCNP6 using CEMO03.03
and calculations by the stand-alone CEMO03.03, and a reason-
able agreement with most of the available experimental data.
This serves as a validation of MCNP6 and demonstrates there
are no problems with the incorporation of CEMO03.03 into
MCNP6 or with the simulations of these reactions by either
code.

The observed discrepancies between some calculated exci-
tation functions and measured data at energies below 20 MeV
are not of concern for our current emphasis. As a default,
MCNP6 uses data libraries at such low energies and never
uses CEM03.03 or other event generators, when data libraries
are available, as is the case for the reactions studied here. By
contrast, CEM uses its INC to simulate the first stage of nuclear
reactions, and the INC is not expected to work properly at such
low energies (see details in Refs. [2,4]).

Results calculated with the values of Apem; = 12, 14,
and 16 all agree reasonably well with available data, taking
into account that all calculations, at all energies and for all
reactions, are done with the default versions of these codes,
without varying any parameters. However, in some cases,
there are significant differences between excitation functions
calculated with Agerm; = 12 and 16.

For many cases, a better description of the heavier frag-
ments occurs for Apemi = 16 or 14, and usually the LF are
better described using Apermi = 12. However, the model with
any of these values agrees reasonably well with the measured
data, especially for LF with Z < 4 (e.g., [33]). For LF with
Z > 4, it is difficult to determine which value agrees better
with the data: Apermi = 12 or Apermi = 16. Light fragments
with Z = 3 and 4 are described a little better with Agermi = 12.
As discussed below, preequilibrium emission described with
an extended version of the MEM (not accounted for in the
calculations shown in Fig. 2), can be important and may change
the final CEM results for such reactions; therefore, we do not
make yet a final decision about which value of the Fermi
breakup cutoff works better, keeping the previous value of 12
until a more careful analysis can be performed.

After analyzing all excitation functions for the light targets
where Fermi breakup dominates, for which we found reliable
experimental data, we then study spectra of particles and
LF from proton-induced reactions on light nuclei, where the
Fermi breakup mechanism should manifest itself most clearly.
We show only two examples of double differential spectra.
Many more examples are presented in Ref. [33], some of
which address different reaction mechanisms for fragment
production, with some involving more than one mechanism
in the production of the same LF in a given reaction.

Figure 3 shows examples of measured °Li and "Be spectra
from p 4 ?Be at 190 MeV [36], compared to CEM results.
Because *Be has a mass number A < Apemi = 12, all the
LF from these reactions are calculated either as fragments
from the Fermi breakup of the excited nuclei remaining after
the initial INC stage, or as residual nuclei after emission of
several particles from the ?Be target nucleus during the INC.
No preequilibrium or evaporation mechanisms are considered.
There is a reasonably good agreement of the CEM predictions
with the measured spectra from all reactions we tested, at
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FIG. 3. Examples of measured °Li and "Be double-differential
spectra from p + °Be at 190 MeV [36] (open symbols), compared to
CEM results (histograms).

different incident energies, from different light target nuclei,
and for all products where we found experimental data:
protons, complex particles, and LF heavier than “He (see
examples of more results and details in Ref. [33]).

As a particular case, we test how well the Fermi breakup
model used in these codes describes so-called “limiting frag-
mentation” reactions. The limiting fragmentation hypothesis,
first proposed by Benecke et al. [37], suggests that fragmenta-
tion cross sections reach asymptotic values at sufficiently high
incident-projectile energies. In other words, above a given
bombarding energy, both the differential and total production
cross sections remain constant. Figure 4 illustrates the validity
of the limiting fragmentation hypothesis for the *He spectra
at 35 degrees from 1.2, 1.9, and 2.5 GeV p + 12C reactions
measured by Fidelus of the PISA Collaboration [38].

In Refs. [39,40], we show similar results calculated by
MCNP6 using CEMO03.03, as well as a comparison of MCNP6
results with the yields (total production cross sections) of
all measured fragments, from protons to 12N, from the same
reactions.

PHYSICAL REVIEW C 95, 034613 (2017)
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FIG. 4. “He spectra at 35° for 1.2, 1.9, and 2.5 GeV p + '>C
measured by Fidelus of the PISA Collaboration [38] (solid symbols)
compared to calculations by CEMO03.03 (histograms).

We conclude that the limiting fragmentation hypothesis
is supported by measurements for p 4 >C interactions, and
predicted by these models, in which the Fermi breakup
mechanism plays a major role.

An independent test of the Fermi breakup model used
in CEMO03.03 and LAQGSMO03.03 was performed recently
by Konobeyev and Fischer [41] for the Fall 2014 Nuclear
Data Week. These authors calculated with MCNP6 using
its Bertini [7], ISABEL [8], INCL4.2+ABLA [9,42], and
CEMO03.03 event generators [2], as well as with the TALYS
code [43]; all the experimental spectra of *He and “He
measured in Ref. [36] from the reaction 190 MeV p + ‘Be;
all spectra of p, d, t, 3He, and *“He from the reaction of
300 MeV p + °Be [36]; as well as all neutron spectra from
interactions of 113 MeV protons with °Be [44] and from
256 MeV p + 9Be [45]. As is often done in the literature, to
get quantitative estimates of the degree of fidelity to data of the
spectra calculated by different models, the authors performed
a detailed statistical analysis using nine different “deviation
factors,” namely, H, R¢f, REC, (F), S, L, Py, P00, and
N;. The definition of each can be found in Ref. [41]. The
authors found that results by CEMO03.03 for these particular
reactions agree better with the experimental data than all
the other models tested. As °Be has a mass number of 9,
all these reactions are calculated using the INC followed by
the Fermi breakup model. The better results from CEMO03.03
in comparison to the other models prove that the Fermi
breakup model used by CEM03.03 and LAQGSMO03.03 in
MCNPE6 is reliable and can be used with confidence as a good
predictive tool for various nuclear applications and academic
studies.

IV. EXTENDING THE PREEQUILIBRIUM MODEL

The preequilibrium interaction stage of nuclear reactions
is considered by the current CEM and LAQGSM codes in
the framework of the latest version of the MEM [27,28],
as described in Refs. [2,4]. At the preequilibrium stage of a
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reaction, CEM03.03 and LAQGSMO03.03 take into account all
possible nuclear transitions changing the number of excitons
n with An = +2, —2, and 0, as well as all possible multiple
subsequent emissions of n, p, d, t, 3He, and “He. The
corresponding system of master equations describing the
behavior of a nucleus at the preequilibrium stage is solved
by the Monte Carlo technique [3]. In this section, we extend
the MEM to include the possibility of emitting heavy clusters,
with A > 4, up to 2Mg.

The probability of finding the nuclear system at time ¢ in
the E« state, P(E,«,t), is describe in MEM by the differential
equation

SP(E.at) ) )
— = gx[x(Ea,Ea YP(E, o' ,t)
—MEo ,Ea)P(E,a,t)]. €))

Here AM(Ea,Ea’) is the energy-conserving probability rate,
defined in the first-order of the time-dependent perturbation
theory as
/ 27 N2
MEa,Ea’) = 7|<E0¢|V|Ea ) o (E), @
where 7 is Planck’s constant divided by 2m. The matrix
element (E«a|V|Ed’) is believed to be a smooth function of
energy, and wy(E) is the density of the final states of the
system. We note that Eq. (1) is derived assuming that the
memory time Tpyey Of the system is small compared to the
characteristic time for intranuclear transitions /i/A(E«x, Ea’)
but, on the other hand, Eq. (1) itself is applicable for times ¢ >
n/MEa,Ea’). Due to the condition Tmem < /7A/A(Ea,EQ’),
being described by Eq. (1), the random process is a Markovian
one.

The MEM [27,28] utilized by CEM and LAQGSM uses
effectively the relationship of the master equation (1) with
Markovian random processes. Indeed, the attainment of
statistical equilibration described by Eq. (1) is an example
of a discontinuous Markovian process: the temporal variable
changes continuously and at a random moment the state of
the system changes by a discontinuous jump, the behavior of
the system at the next moment being completely defined by its
present state. As long as the transition probabilities A(E«, Ea”)
are time independent, the waiting time for the system in the
E« state has an exponential distribution (Poisson flow) with
the average lifetime /i/A(a,E) =F/ ), MEa,Ea’). This
prompts a simple method of solving the related system of
Eq. (1): simulation of the random process by the Monte Carlo
technique. In this treatment, it is possible to generalize the
exciton model to all nuclear transitions with An = 0,£2, and
the multiple emission of particles and to depletion of nuclear
states due to particle emission. In this case the system (1)
becomes [3]

SP(E,a,t)
— " = ~A@EPE.nD

+ A (n—2,E)P(E,n —2,1)
+ro(n, E)P(E,n,t)
+A_(n+2,E)P(E,n+2,1)
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+ Z/dT/dE’Aj(n,E,T)
J

x P(E',n+n;,0)8(E —E—B; —T). (3

For this form of the master equation (3), we need the particle
emission rates A; and the exciton transition rates Ay, Ag,
and A_.

According to the detailed-balance principle, the emission
width I'j, can be estimated as [3]

E—B;
[i(p,h,E) =/ Aj(p,h,E,T)T, 4

Vi

where the partial transmission probabilities, A ;, are equal to

2si+1 w(p—1,hE—B;—T)
ri(ph,ET)="" ; !
j(p ) JT2h3 J Cl)(p,h,E)
x N(p.WTo}™(T), S

where p, h, E, and w are the number of particle excitons, the
number of hole excitons, the excitation energy of the excited
nucleus, and the level density of its n-exciton state, while
sj, Bj, V]?, wj, T, and a_i“V are the spin, the binding energy,
the Coulomb barrier, the reduced mass, the kinetic energy, and
the inverse cross section of the emitted particle j, respectively.
The factor M ;(p,h) ensures the condition for the exciton
chosen to be the particle of type j and can easily be calculated
by the Monte Carlo technique.

Equation (5) describes the emission of neutrons and protons
only (an extension of Eq. (5) for the case of complex particles
can be found in Ref. [3]). For complex particles, the level
density formula @ becomes more complicated and an extra
factor y; must be introduced (e.g., [3]):

D pi—1
w“ﬁ(j) : (6)

Equation (6) for y; is actually only a rough estimation that
is refined in CEM03.03 by parameterizing it over a mesh of
residual nuclear energy and mass number (see e.g., [2]).

Assuming an equidistant level scheme with the single-
particle density g, the level density of the n-exciton state is [46]

g(gE)P !
p(p+h—1)

This expression should be substituted into Eq. (5) to obtain
the transmission rates A ;.

According to Eq. (2), for a preequilibrium nucleus with
excitation energy E and number of excitons n = p + h, the
partial transition probabilities changing the exciton number by
An are

w(p.h.E) = (N

2
)\'An(pvhsE) = 7|MAn|2wAn(p»hsE)~ (8)

For these transition rates, one needs the number of states, w,
taking into account the selection rules for intranuclear exciton-
exciton scattering. The appropriate formulas have been derived
by Williams [47] and later corrected for the exclusion principle
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and indistinguishability of identical excitons in Refs. [48,49]:

1 E—A(p+1,h+ 1]
w0 (ph.E) = 5g[g (p )]

n—+1
|:gE —A(p+ 1,h + 1)}"1
gE — A(p.,h) '
| [gE — A(p.h
on(ph, E) = 3¢ EE = AD] ©)

x[p(p— 1) +4ph+h(h — 1),

1
w_(p,h,E) = zgph(n -2),

where A(p,h) = (p*> + h*> + p — h)/4 — h/2. By neglecting
the difference of matrix elements with different An, My =
M_ = My = M, we estimate the value of M for a given
nuclear state by associating the A (p,h,E) transitions with
the probability for quasifree scattering of a nucleon above the
Fermi level on a nucleon of the target nucleus. Therefore, we
have

(o(Vre)Vrel) _ 7 5 8I8E — A(p+1,h + D]

v =7 M|
int n—+1
gE—Ap+1Lh+ 17! 10)
gE — A(p,h) ’

where Vi, is the interaction volume estimated as Vi, =
%n(Zrc + A/2m)3, with the de Broglie wavelength A/2m
corresponding to the relative velocity vie] = «/2Tre/my. my
is the mass of interacting excitons (nucleons) and Ty is their
relative kinetic energy. A value of the order of the nucleon
radius is used for r, in the CEM: r, = 0.6 fm.

The averaging on the left-hand side of Eq. (10) is carried
out over all excited states, taking into account the exclusion
principle. Combining (8)—(10) we finally get for the transition
rates

(0 (vrel)vrel>

)‘-&-(th’E) = Ta
(0 (Vre1)Vrer) gE — A(p.h) }”‘
ro(p.h,E) =
otp ) Vine |:gE —A(p+1L,h+1)
8 n+1pp—1D+4ph+hh—1)
n gE — A(p.h) ’
(0 (Vrel) Ve gE — A(p,h) ]”‘
r(p,h,E) =
» ) Vint |:gE—A(p+l,h+1)

ph(n + D(n — 2)

[E — A(p.m)]* ab

The CEM predicts angular distributions for preequilibrium
particles that are forward-peaked in the laboratory system. For
instance, CEM03.03 assumes that a nuclear state with a given
excitation energy E should be specified not only by the exciton
number n but also by the momentum direction 2. Following
Ref. [50], the master equation [Eq. (3)] can be generalized
for this case provided that the angular dependence for the
transition rates A4, Ag, and A_ [Eq. (11)] may be factorized.
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In accordance with Eq. (10), in the CEM it is assumed that

(o) = (o) F(S), 12)
where
F(Q) _ do_free/dQ (13)
- fdQ’d(Tfree/dQ/ :

The scattering cross section do'™°/dQ is assumed to be
isotropic in the reference frame of the interacting excitons,
thus resulting in an asymmetry in both the nucleus center-
of-mass and laboratory frames. The angular distributions of
preequilibrium complex particles are assumed to be similar to
those for the nucleons in each nuclear state [3].

This calculational scheme is easily realized by the Monte
Carlo technique. It provides a good description of double-
differential spectra of preequilibrium nucleons and a not-
so-good but still reasonable description of complex-particle
spectra from different types of nuclear reactions at incident
energies from tens of MeV to several GeV.

For incident energies below about 200 MeV, Kalbach
has developed a phenomenological systematics for
preequilibrium-particle angular distributions by fitting avail-
able measured spectra of nucleons and complex particles [51].
As the Kalbach systematics are based on measured spectra,
they describe very well the double-differential spectra of
preequilibrium particles and generally provide a better agree-
ment of calculated preequilibrium complex-particle spectra
with data than does the CEM approach based on Eqgs. (12)
and (13). Therefore, CEMO03.03 incorporates the Kalbach
systematics [51] to describe angular distributions of both
preequilibrium nucleons and complex particles at incident
energies up to 210 MeV. At higher energies, CEM03.03 uses
the CEM approach based on Eqgs. (12) and (13).

As the MEM uses a Monte Carlo technique to solve the
master equations describing the behavior of the nucleus at the
preequilibrium stage (see details in Ref. [3]), it is relatively
easy to extend the number of types of possible LF that can be
emitted during this stage. For this, we have only to extend the
loop in the CEMO03.03 code calculating I'; for j from 1 to 6
(i.e., for the emission of n, p, d, t, 3He, and 4He) to a larger
value, in this case, up to j = 66, to account for the possibility
of preequilibrium emission of up to 66 types of particles and
LF. Of course, in this extended loop, we have to calculate the
emission width I'; for all j values. This entails calculating
Coulomb barriers, binding energies, reduced masses, inverse
cross sections, and condensation probabilities for all 66 types
of particles and LF. As this extended CEMO03.03 is intended to
allow production of energetic light fragments, we subsequently
refer to it as CEMO03.03F, where “F” stands for energetic
fragments. We also refer later to a similarly extended version
of LAQGSMO03.03 as LAQGSMO03.03F. The list of all particles
and LF that can be emitted during the preequilibrium stage of
a nuclear reaction calculated with CEMO03.03F is provided in
Table 1.

As can be seen from Eq. (5), the inverse cross sections
used by these models at the preequilibrium stage (and at
the evaporation/fission stage) have a significant impact on
the calculated particle width, and affect greatly the final
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TABLE 1. The list of particles and light fragments that can be

emitted during the preequilibrium stage of reactions in the extended
MEM.

Z; Ejectiles

0 n

1 p d t

2 ‘He “He *He $He

3 °Li "Li SLi Li

4 "Be °Be 0Be Be 2Be

5 B 1o g 12 133

6 10¢ e 12¢ 3¢ 14¢ 150 16¢

7 ]2N 13N I4N ISN 16N 17N

8 140 150 160y 170 180 190 200

9 7R 18 19 2R 21p

10 8Ne Ne ONe 2INe 22Ne BNe 2Ne
11 *Na  *Na  *Na *Na  *Na

12 2Mg ®Mg Mg Mg *Mg Mg Mg

results and the accuracy of the MCNP6, MCNPX [52], and
MARSI15 [53] transport codes, which use these models as
their event generators. This is why it is necessary to use as
good as possible approximations for the inverse cross sections
in the extended models.

The unmodified codes use the inverse cross sections oj,y,
from Dostrovsky’s formulas [54] for all emitted nucleons and
the complex particles (d, , 3He, and 4He):

Oiny(€) = agot(l + g), (14)

which is often written as

(€)= o4¢,(1 +b/e)  for neutrons,
Tin(€) = ogcj(1 —V;/e) for charged particles,

where o, = nR[% (fm?) is the geometrical cross section. d
denotes the “daughter” nucleus with mass and charge numbers
Ay and Z,; produced from the “parent” nucleus i with mass and
charge numbers A; and Z; after the emission of the particle j
with mass and charge numbers A; and Z; and kinetic energy

€; Ry = roAys, and ro = 1.5 fm. « and B are defined as
a=0.764+2.2A, MeV,

2.124;*° - 0.05
ﬂ = —% MCV,
0.76 + 2.2A,

and c; is estimated by interpolation of the tabulated values
published in Ref. [54].
The Coulomb barrier (in MeV) is estimated as

V; =k;Z;jZse*/R., (15)

where R, = ro(A(l/3 + A}/S), ro = 1.5 fm, and the penetra-
bility coefficients k; are calculated via interpolation of the
tabulated values published in Ref. [54].

At the evaporation/fission stage of reactions described by
CEMO0.03 and LAQGSMO0.03, which use an extension of the
generalized evaporation model code GEM2 by Furihata [24],
the inverse cross sections are calculated with the same
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functional form, but using different constants from those in the
original approximations [54]. We label those different inverse
cross sections as “GEM2.”

The Dostrovsky model is very old. It was not intended for
use above about 50 MeV /nucleon, and is not very suitable for
emission of fragments heavier than “He. Better total-reaction
cross-section models that can be used as an estimate for
inverse cross sections are available today, most notably the
NASA model [55], the approximations by Barashenkov and
Polanski [56], and those by Kalbach [57]. A quite complete list
of references on modern total-reaction cross-section models,
as well as on recent publications where these models are
compared with each other and with available experimental
data, can be found in Ref. [34].

We have performed an extensive comparison of the
NASA [55], Tsang et al. [58], Dostrovsky et al. [54],
Barashenkov and Polanski [56], GEM2 [24], and Kalbach [57]
systematics for total reaction (inverse) cross sections (see also
the older works [13,59,60] with similar comparisons). We
conclude that the NASA approach is superior, in general, to the
other available models (see Ref. [13,34,59,60] for the details of
these findings). This is why we implement the NASA inverse
cross sections into the MEM to be used at the preequilibrium
stage of reactions.

The NASA approximation as described by Eq. (16) attempts
to simulate several quantum-mechanical effects, such as the
optical potential for neutrons (with the parameter X,,) and
collective effects such as Pauli blocking through the quantity
87 (for more details, see Refs. [55]);

onasa = mrg (A + A7 + aT)2(1 — Rcﬁ>xm, (16)
TCITl

where ry, Ap, Ar, 67, R., Br, T,;n, and X,, are a constant
used to calculate the radii of nuclei, the mass number
of the projectile nucleus, the mass number of the target
nucleus, an energy-dependent parameter, a system-dependent
Coulomb multiplier, the energy-dependent Coulomb barrier,
the colliding system center-of-momentum energy, and an
optical model multiplier used for neutron-induced reactions,
respectively.

In the case of neutron-induced reactions, we cannot use
the unmodified NASA systematics to approximate the inverse
cross sections for neutrons, as that model, while being much
better at predicting the total reaction cross section throughout
most of the energy region of the data, falls to zero at low
energies. Since neutrons have no Coulomb barrier and are
emitted at even very low energies, a finite neutron cross
section at very low energies is needed. For these low-energy
neutrons, we use the Kalbach systematics [57], which prove
to be a very good approximation for the inverse cross sections
of low-energy neutrons, as discussed in Refs. [13,34,61]. In
CEMO03.03F, we use the Kalbach systematics [57] to replace
the NASA inverse cross sections [55] for low-energy neutrons,
similar to what was suggested and done in Ref. [13] for the
code CEM2k. In other words, at neutron energies around
the maximum cross section and below, the calculation uses
Kalbach systematics, and switches to the NASA model for
the higher neutron-energy range. The Kalbach systematics are
scaled in CEMO03.03F to match the NASA model results at
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FIG. 5. Reaction cross section for p + '2C, as calculated by the
NASA, Dostrovsky, GEM2, and BP models (solid and broken lines).
The black dots are cross sections calculated by MCNP6, and the
circles are experimental data [62].

the transition point (depending on the nucleus) so as not to
have a discontinuity. Transition points and scaling factors are
obtained for all possible residual nuclei, by mass number; they
are fixed in the code and are used in all subsequent calculations.
(Reference [61] provides tables of these.)

Examples of inverse cross sections for the emission of
neutrons together with discussions and relevant references
can be found in Refs. [13,34,61]. We limit ourselves to
one example with inverse cross sections for the emis-
sion of protons, and one example of inverse cross section
for 12C.

Figure 5 illustrates calculated total reaction cross sec-
tions for p 4 '>C using the NASA, Dostrovsky, GEM2,
and Barashenkov and Polanski (BP) models, compared to
calculations by MCNP6 and experimental data. The NASA
model appears to be superior to the Dostrovsky-like models.

Figure 6 displays the total reaction cross section for
12C 412C, as calculated by the NASA, Dostrovsky, GEM2,
and BP models, compared to experimental data and to
measured total charge-changing (TCC) cross sections. TCC
cross sections should be 5-10% less than total reaction cross
sections, as TCC cross sections do not include neutron re-
moval. The NASA cross-section model fits the experimentally
measured data, in general, better than the other models tested.
See Ref. [61] for results of other heavy-ion-induced reactions.
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FIG. 6. Reaction cross section for >C 4+'2C as calculated by the
NASA, Dostrovsky, GEM2, and BP models (solid and broken lines).
The circles are experimental data [63] and the squares are total charge-
changing cross section (TCC) measurements [64].

Many similar results for the emission of nucleons, com-
plex particles, and LF heavier than *He can be found in
Refs. [13,34,59,61].

The partial transmission probability A ;, the probability that
an ejectile of the type j will be emitted with kinetic energy 7',
is given in Eq. (5). This form is valid only for neutrons and
protons. An extended form appropriate for the case of complex
particles and LF is (see Ref. [3])

2si +

41 N w(p;,0,T + B;)
A (P E.T) = ¥ — s Rp. o) === ——=

8j
x AP P E = By 2 D iy
w(p,h,E) J
(17
where
- V(zﬂj)3/2 12

Details on Eq. (18) can be found in Ref. [65]. y; is the
probability that the proper number of particle excitons will
coalesce to form a type j fragment (also called yg in a number
of earlier publications; see, e.g., Refs. [65-67]).

In the standard CEMO03.03, the Dostrovsky form of the
inverse cross section is simple enough so that for neutrons
and protons the integral from Eq. (4) can be done analytically.
However, for complex particles, the level density w becomes
too complicated (see details in Refs. [2—4]); therefore, the
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integral is evaluated numerically. In this case, a six-point
Gauss-Legendre quadrature is used when the exciton number
is 15 or less, and a 6-point Gauss-Laguerre quadrature is used
when the number of excitons is greater than 15.

We adopt for CEMO03.03F the NASA form of the cross
sections, which removes the possibility of analytic integration,
so the integral is always calculated numerically. We use an
eight-point Gauss-Legendre quadrature when the number of
excitons is 15 or less, and an eight-point Gauss-Laguerre
quadrature when the number of excitons is greater than 15.
(See Ref. [34] for details.)

These integration methods are sufficient for these models
because individual I'; precision is not extremely important
for choosing what type of particle/LF j will be emitted. In
contrast to analytical preequilibrium models, the Monte Carlo
method employed by CEM uses the ratios of I'; to the sum
of I'; over all j. That is, if we estimate all I'; with the same
percentage error, the final choice of the type j of particle/LF
to be emitted as simulated by CEM would be the same as if
we would calculate all I'; exactly. We think that this is the
main reason why CEM provides quite reasonable results using
the old Dostrovsky approximation for inverse cross sections,
in spite of the significant difference of the Dostrovsky inverse
cross sections from those now used. The ratios of the individual
widths to the total width were approximated better than each
individual width, because the errors in each channel have the
same sign. This is illustrated in Fig. 5. (See more examples
and discussion in Ref. [34].)

We observe that the condensation probability y; could be
calculated more physically from first principles, if one were
studying only this problem. But such a calculation is not
feasible in these event generators given practical Monte Carlo
computational time limitations. y; is, therefore, estimated
as the overlap integral of the wave function of independent
nucleons with that of the complex particle (see details in
Ref. [3]), as shown in Eq. (6).

As noted above, Eq. (6) is a rather crude estimate. As is
frequently done (see e.g., Refs. [65,67]), the values of y;
are taken from fitting the theoretical preequilibrium spectra
to the experimental ones. In CEMO03.03F, to improve the
description of preequilibrium complex-particle emission, we
estimate y; by multiplying the estimate provided by Eq. (6)
by empirical coefficients F;(A,Z,Ty), whose values are fitted
to available nucleon-induced experimental complex-particle
spectra. Therefore, the new equation for y; using this empirical
coefficient is

Di pj—1
v = jp;(xf) . (19)

The values of F; ford, t, 3He, and “He used by the original
CEMO03.03 need to be refitted after the current upgrades to the
inverse cross sections and the coalescence model (discussed
below). Then, values of F; need to be obtained for heavy
clusters up to 2*Mg, once the model is extended to emit these
heavy clusters. This was done for all possible target nuclei.
We have developed a universal approximation, or a “numerical
model,” for F;(A,Z,Ty) to be used in CEMO03.03F. All details
of this part of our work can be found in Refs. [39,40,61].
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Once a fragment of type j has been randomly chosen for
emission, the kinetic energy of this fragment needs to be
determined. This is done by sampling the kinetic energy from
the A; distribution, Eq. (17), using the NASA cross section as
the oji.“"(T).

The energy dependence of A; for the new inverse cross
sections is more complicated than that that arising from the
simple Dostrovsky form used in the original CEMO03.03. This
affects the method we choose to randomly sample 7; (=T)
from the correct spectrum.

To sample 7; uniformly from the A ; distribution using the
Monte Carlo method, we must first find the maximum of A;.
In CEMO03.03, this is done analytically using the derivative
of A; with respect to T;, due to the simple nature of the
energy dependence in the Dostrovsky systematics. The NASA
cross section energy dependence is much more complicated;
therefore, we find the maximum of A; numerically using the
golden-section method. This also provides us the flexibility to
modify the cross-section model in the future without needing
to modify the kinetic energy algorithm.

After finding the maximum value of A;, the kinetic energy
of the emitted fragment j is uniformly sampled from the A;
distribution using the rejection technique from a gamma dis-
tribution (shape parameter o = 2) as the comparison function.
(See Ref. [68] for a description of the gamma distribution.)

Figure 57 of Ref. [61] illustrates results for the probability
of emitting ®Li with a given kinetic energy 7i; simulated by
CEMO03.03F and the original CEM03.03. Probabilities from
the A ; distributions with the NASA inverse cross sections differ
slightly from those with the Dostrovsky inverse cross sections,
just as expected. Technical details with many illustrative
figures on this part of our work can by found in Refs. [39,61].

V. COALESCENCE MODEL

As previously described, one of the three possible mecha-
nisms CEM and LAQGSM use to produce energetic LF is the
coalescence of nucleons emitted during the INC as well as of
already coalesced lighter fragments into heavier clusters.

When the cascade stage of a reaction is completed,
CEMO03.03 and LAQGSMO03.03 use the coalescence model
described in Refs. [69,70] to “create” high-energy d, t, *He,
and “He by final-state interactions among emitted cascade
nucleons, already outside of the target nucleus. In contrast
to most other coalescence models for heavy-ion-induced
reactions, where complex-particle spectra are estimated simply
by convolving the measured or calculated inclusive spectra
of nucleons with corresponding fitted coefficients, CEM03.03
and LAQGSMO03.03 use in their simulations of particle coales-
cence real information about all emitted cascade nucleons and
do not use integrated spectra. These models assume that all the
cascade nucleons having differences in their momenta smaller
than p. and the correct isotopic content form an appropriate
composite particle. This means that the formation probability
for, e.g., a deuteron is

Wa(p,b) = / / dppd ppp© (Pp.b)pS (Pn,b)

X 8(Pp + Pn — P)O(Pe — |Pp — Dul),  (20)

034613-10



PRODUCTION OF ENERGETIC LIGHT FRAGMENTS IN ...

where the particle density in momentum space is related to the
one-particle distribution function f by

pC(5.b) = / dF fCF.5.b). @1)

Here, b is the impact parameter for the projectile interacting
with the target nucleus and the superscript index C shows
that only cascade nucleons are taken into account for the
coalescence process. The coalescence radii p, were fitted for
each composite particle in Ref. [69] to describe available data
for the reaction Ne+U at 1.04 GeV/nucleon, but the fitted
values turned out to be quite universal and were subsequently
found to satisfactorily describe high-energy complex-particle
production for a variety of reactions induced both by particles
and nuclei at incident energies up to about 400 GeV /nucleon,
when describing nuclear reactions with different versions of
LAQGSM [5,6,59] or with its predecessor, the quark-gluon
string model (QGSM) [29]. These parameters (in units of
MeV/c) are

pe(t) = pc(He) = 108,  p.(*He) = 115.

(22)

pe(d) =90,

As the INC of CEM is different from those of LAQGSM
or QGSM, it is natural to expect different best values for p,
as well. Recent studies have shown (see, e.g., Refs. [2,4] and
references therein) that the values of parameters p. defined by
Eq. (22) are also good for CEM03.03 for projectile particles
with kinetic energies 7y lower than 300 MeV and equal
to or above 1 GeV. For incident energies in the interval
300 MeV < Ty < 1 GeV, a better overall agreement with
the available experimental data is obtained by using values
of p. equal to 150, 175, and 175 MeV/c for d, ¢ (3He), and
“He, respectively. These values of p,. are fixed as defaults
in CEMO03.03. If several cascade nucleons are chosen to
coalesce into composite particles, they are removed from the
distributions of nucleons and do not contribute further to such
nucleon characteristics as spectra, multiplicities, etc.

In comparison with the initial version [69,70],in CEM03.03
and LAQGSMO03.03, several coalescence routines have been
changed and have been tested against a large variety of
measured data on nucleon- and nucleus-induced reactions
at different incident energies. Many examples with results
by CEMO03.03 and LAQGSMO03.03 for reactions where the
contribution from the coalescence mechanism is important
and can be easily seen may be found in, e.g., Refs. [4,22].

Note that following the coalescence idea used by these
models, the latest versions of the INCL code (e.g., [10]) also
consider (by different means) the coalescence of nucleons in
the very outskirts of the nuclear surface into light fragments
during the INC stages of reactions. In a way, the coalescence of
INCL is similar to the one considered by CEM and LAQGSM
as proposed in Ref. [69,70], with the main difference being that
INCL considers coalescence of INC nucleons on the border of
anucleus, just barely inside the target nucleus, while CEM and
LAQGSM coalesce INC nucleons and lighter clusters already
outside the nucleus.

The standard “03.03” versions of both CEM and LAQGSM
consider coalescence of only d, f, 3He, and ‘He. Here we
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extend the coalescence model in CEM to account for the
coalescence of heavier clusters, with mass numbers up to
A =7inCEM, andupto A = 12 in LAQGSM. The extended
coalescence model of CEM is described below, while the one
of LAQGSM, in the next section.

The coalescence model of CEM first checks all nucleons to
form two-nucleon pairs, as their their momenta permit. It then
checks if an « particle can be formed from two two-nucleon
pairs (either from two n-p pairs or from an n-n and a p-p
pair). After this it checks to see if any of the two-nucleon pairs
left can combine with another nucleon to form either tritium
or *He. Last, it checks to see if any of these three-nucleon
groups (tritium or *He) can coalesce with another nucleon to
form “He.

The extended coalescence model takes these two-nucleon
pairs, three-nucleon (tritium or *He only) groups, and *He
to see if they can coalesce to form heavier clusters. “He can
coalesce with a three-nucleon group to form either 'Be or "Li.
Two three-nucleon groups can coalesce to form either °Li or
®He, and “He can coalesce with a two-nucleon pair to form
either °Li or ®He. All coalesced nucleons are removed from
the distributions of nucleons and lighter fragments so that the
coalescence model conserves both atomic and mass numbers.
For additional details of the extended coalescence model in
CEM, see Ref. [71].

p. determines how dissimilar the momenta of nucleons
can be and still coalesce. Naturally, after the extension of the
coalescence model in CEM to account for LF heavier than “He,
we had to redefine p,, to include a value for heavy clusters, or
LF: p.(LF). In CEMO03.03F, the new p.’s for incident energies,
T, less than 300 MeV or greater than 1000 MeV are

pe(d) =90MeV/c, pe(t) = p.CHe) = 108 MeV /c,
p.(*He) = 130MeV/c, pe(LF) = 175MeV /c. (23)
For 300 < T < 1000 MeV they are
pe(d) = 150MeV/e, pe(t) = p.CHe) = 175MeV/c,
p.(*He) = 205MeV/c, p.(LF) = 250 MeV/c. (24)

p.(*He) was increased compared to the original p. values
defined by Eq. (22) because too many « particles were lost
(coalesced into heavy clusters); therefore, this was compen-
sated for by coalescing more “He.

As an example, Fig. 7 displays experimental measurements
of the reaction 480 MeV p + "*Ag — SLiby Green et al. [72],
compared with simulations from CEMO03.03F without the
coalescence extension (i.e., with the extended preequilibrium
model and improved inverse cross sections but using the
old coalescence model), CEM03.03F with the coalescence
extension, and the original CEMO03.03. Even without the coa-
lescence extension, CEM03.03F (which contains the extended
preequilibrium model and improved inverse cross sections)
yields much better results than the original CEM03.03 with-
out these improvements. Adding the coalescence extension
produces even better results.

This example also highlights how coalescence can produce
heavy clusters not only at high energies, but also at low and
moderate energies, thus improving agreement with experimen-
tal data in all these energy regions.
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FIG. 7. Comparison of experimental measurements of the reac-
tion 480 MeV p + "Ag — °Li at 60° by Green et al. [72] (green
circles), with simulations from the original CEMO03.03 (red dotted
line), CEM03.03F without the coalescence extension (green dashed
line), and CEMO03.03F with the coalescence extension (red solid line).

Similar results for many other reactions where the coales-
cence mechanism is important and easily seen can be found in
Refs. [39,40,71].

VI. LAQGSM EXTENSION

LAQGSM [4-6] is a very powerful predictive tool for
heavy-ion-induced reactions and/or nuclear reactions induced
by particles at high energies (> several GeV/nucleon).
MCNP6 uses it as its default event generator to simulate all
heavy-ion-induced reactions as well as reactions induced by
particles at energies above 4.5 GeV (above 1.2 GeV, in the
case of photonuclear reactions).

The INC of LAQGSMO03.03 is described with a recently
improved version [6,73] 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 [69] 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 particle+particle cross sections
at energies below 4.5 GeV/nucleon, or those calculated by the
quark-gluon string model (QGSM) at higher energies (see,
e.g., Ref. [74] and references therein) to simulate angular and
energy distributions of cascade particles, and also considers
the Pauli exclusion principle.

After the INC, LAQGSMO03.03 uses the same preequi-
librium, coalescence, Fermi breakup, and evaporation/fission
models as described above for CEM (with some parameters
different from the ones used by CEM, because the INC of
LAQGSM is completely different from the INC of CEM; see
more details in Ref. [4]).

As examples, Figs. 8-10 show results for three reactions
simulated by LAQGSM compared with available experimental
data, to illustrate the predictive power of LAQGSMO03.03 used
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FIG. 8. Measured elemental cross sections for “*Ca fragmenta-
tion on °Be at 140 MeV /nucleon [75] (open symbols) compared to
LAQGSMO03.03 predictions (solid lines).

106 I \\\HH| '\14\\\_\15” | \\\HH|
10° 400 MeV/A " N+ "C—n+ ...

5 deg (x10°)
10°E a10 deg (x105)

109 _ AN
B0 e
B 10 B e Cr
210
210°
210" T ==
<102
C\Ib <
T4n3 —To I

107 4 50 deg (x10%) P

10%E ¥ 30 deg (x10°) ) -

¢ 40 deg (x102) ‘

10° 60 deg (x10) : I

> 80 deg ‘

10° LAQGSM03.03

MCNP6, GENXS, MPI
10—7 Lol Lol L WEIT
1 10 100 1000

Neutron kinetic energy (MeV)

FIG. 9. Experimental neutron spectra from 400 MeV /nucleon
YN +12C [76] (solid symbols), compared with calculations by
the production version of MCNP6 (dashed lines) and by the
LAQGSMO03.03 event generator used as a stand-alone code (solid
lines).
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FIG. 10. Experimental invariant spectra of tritons from the
reaction 400 GeV p + BITa [77) (solid symbols), compared with
results by LAQGSMO03.03 [6] used as a stand-alone code (solid lines)
and by MCNP6 using the LAQGSMO03.03 event generator (dashed
lines).

as the default event generator in MCNP6 for these types of
reactions. The data in Figs. 8 and 9 were made available after
LAQGSMO03.03 was developed.

Figure 8 shows an example of elemental product yields
measured by Mocko et al. [75] from the fragmentation of “*Ca
on °Be at 140 MeV /nucleon. Many similar results for other
reactions can be found in Ref. [6].

Figure 9 displays experimental neutron spectra from
400 MeV /nucleon '“N +'2C [76], compared with calculations
by MCNP6 and the LAQGSMO03.03 event generator used
as a stand-alone code. Such data are of significant interest
for applications related to cancer treatment with carbon
beams, and most of the neutron spectra from such reactions
were measured at the Heavy-Ion Medical Accelerator in the
Chiba facility (HIMAC) of the Japanese National Institute of
Radiological Science (NIRS). We obtained similar agreement
by LAQGSM and by MCNP6 using LAQGSM for many
similar reactions, at different incident energies and for different
projectile-target nuclear combinations (see Ref. [23]).

Figure 10 shows that LAQGSM predicts well light cluster
spectra even at the ultrarelativistic energies of 400 GeV.
Similar results for other ejectiles from such reactions can be
found in Ref. [22].

In CEMO3.03F, we extend the coalescence model to account
for heavier fragments up to 'Be. As CEM is restricted to
simulate only particle-induced reactions, and only at energies
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TABLEII. Coalescence channels (modes) for LF produced in the
extended coalescence model of LAQGSMO03.03F; values of p,. are
listed in units of MeV /¢ per nucleon).

LF De Channels (modes)
d 90 p+n

t 108 d+n

He 108 d+p

‘He 115 3He+n t+p d+d
®He 150 ¢+¢

°Li 150 r+°He “He+d

i 150 r+*He CLi+n

8Li 150 'Li+n  ®He+d

Li 150 3Li4+n  °He+t

"Be 150 *He+*He °CLi+p

Be 150 SLi+p  'Li+d

UBe 150 °Be+n  SLi+d

B 150 °Be+p 'Li+’He °Li+*He
UB 150 "“B+n  ’Be+d ’'Li+*He
2B 150 "B+4+n '“Be+d °PLi+*He
"c 150 ""B+p "Be+*He

2c 150 Y“C4+n U"B+4p “B+4+d °Be+’He °Li+°Li

below about 5 GeV, such an extension of the coalescence model
may be sufficient. Since LAQGSM is used to calculate also
reactions induced by heavy ions, and at much higher incident
energies, where the mean multiplicities of the secondary
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FIG. 11. Measured cross sections for light fragments produced
in 137 MeV/nucleon *°A +'7Au reactions [78] (black circles),
compared to predictions by LAQGSMO03.03 with the extended
coalescence model (red stars).
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FIG. 12. Experimental invariant p, d, ¢, and *He spectra at 30, 45,
60, 90, and 130 degrees (symbols) from a thin NaF target bombarded
with an 800 MeV /nucleon 20Ne beam [80] (solid points), compared
with results by LAQGSMO03.03 using the extended coalescence model
(histograms). The calculations were performed for 2’Ne +°Ne.

nucleons and LF are much higher than for reactions simulated
with CEM, we extend the coalescence model in LAQGSM to
even heavier LF, up to '2C. Table II shows the LF we produce
via the extended coalescence model in LAQGSM, and the real
channels (modes) we consider to form each LF. The values of
p. used in the extended LAQGSM are also listed; they differ
slightly from the ones used by CEM03.03F.

Figure 11 provides an example of preliminary results for
the case of fragment-production cross sections as functions of
mass number, measured by Jacak ef al. at the LBL BEVALAC
for 137 MeV/nucleon beams of **Ar bombarding '*’Au
targets [78], compared to LAQGSMO03.03F results obtained
with the extended coalescence model (but still using the old
preequilibrium model). There is reasonably good agreement
with experimental data for mass numbers up to A = 12, except
for A =09.

Figures 12 and 13 show two more examples of results
obtained with the extended coalescence model in LAQGSM,
namely, invariant cross section for the production of p, d, ¢,
and 3He at 30, 45, 60, 90, and 130 deg from 800 MeV /nucleon
2Ne +%°Ne and 2%Pb, respectively. There is a very good
agreement of results by the extended LAQGSMO03.03F with
these experimental data. We obtain similar results for several
other similar reactions measured at Berkeley and published in
Ref. [80].
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FIG. 13. Experimental invariant p, d, f, and SHe spectra at 30,
45, 60, 90, and 130 degrees from a thin Pb target bombarded with
an 800 MeV /nucleon Ne beam [80] (symbols), compared with
results from LAQGSMO03.03 using the extended coalescence model
(histograms).

The LAQGSMO03.03F extension is still a work in progress.
We have extended and frozen its coalescence model, but
so far have implemented only the extended preequilibrium
model, exactly as it was developed for CEMO03.03F, with
the same parameters. Figures 14 and 15 show two examples
by this preliminary version of LAQGSMO03.03F, namely,
spectra of ®789Li at 65° from proton-gold interactions at
1.2 and 1.9 GeV, respectively. This preliminary version
of LAQGSMO03.03F describes quite well spectra of all Li
fragments measured for these reactions by the PISA Collabo-
ration and published in Ref. [20]. LAQGSMO03.03F produces
similar results for other LF, from other target nuclei, and at
other incident energies measured by the PISA Collaboration.
However, as Figs. 14 and 15 indicate, a fine-tuning of several
parameters in the extended preequilibrium model (and perhaps
the values of p. in the extended coalescence model) would
improve the agreement of the results with these measured
data. We hope to perform such a fine-tuning in the future and
to validate LAQGSMO03.03F on as many measured reactions
as possible, before implementing it into MCNP6 to replace the
current version of LAQGSMO03.03.

To demonstrate the reliability of even this nonoptimized
version of LAQGSMO3.03F for predicting unmeasured re-
actions, we compare the code predictions to some recently
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FIG. 14. Comparison of the experimental data for *7-3?Li spectra
at 65° produced from 1.2 GeV protons incident on '“’Au [20]
(open circles), compared to results calculated by the preliminary
LAQGSMO3.03F (histograms). The dotted and dashed histograms
show the contributions from the preequilibrium emission and the
extended coalescence model, respectively.
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FIG. 15. Comparison of the experimental data for %73 Li spectra
at 65° produced from 1.9 GeV protons incident on °7Au [20]
(open circles), compared to results calculated by the preliminary
LAQGSMO3.03F (histograms). The dotted and dashed histograms
show the contributions from the preequilibrium emission and the
extended coalescence model, respectively.
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FIG. 16. Comparison of recently measured product spectra at
forward laboratory angles (@ < 6°) from the fragmentation of
400 MeV /nucleon ">C projectiles on a '’ Au target into H and He
isotopes [79] (symbols), compared with results from the previously
fixed preliminary LAQGSMO03.03F code (solid lines). The model
results from the coalescence mechanism alone are shown by dashed
lines.

measured data that were made available only after the code
was put into its current form. We show in Figs. 16 and 17
the measured forward-scattered fragmentation products from
the interaction of '2C nuclei at 400 MeV per nucleon with
a '7Au target [79]. The measured cross sections are very
well predicted, except for the very highest energies, where
the nucleons in these fragments have momenta more than
100 MeV/c above the momentum of the original nucleons
from the '2C projectiles. This discrepancy may indicate
effects of high-momentum components which are known to
exist in real nuclei, and which are missing from the simple
semiclassical nucleon momentum distributions assumed in the
existing Fermi breakup model.

VII. VALIDATION OF THE EXTENDED MODELS

After extending the preequilibrium and coalescence models
in CEMO03.03F, we have analyzed a number of nuclear
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FIG. 17. Same as Fig. 16 for production of Li, Be, and B isotopes.

reactions using different values for Apermi in the Fermi breakup
model discussed in Sec. III, and have concluded that generally
a better agreement with most of the experimental data so far
analyzed is obtained with Apem; = 12, the same value as used
in the original 03.03 versions of CEM and LAQGSM. This
value is used for the extended “F” versions of these models.
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FIG. 18. Comparison of experimental data for 1200 MeV p +
"N — "Li at 15.6°, measured by Budzanowski er al. [21] (solid
circles), to results from the original CEM03.03 (dashed line) and to
those from the improved CEMO03.03F (solid line).

An example of calculations with the final version of
CEMO03.03F is shown in Fig. 18, which compares experimental
data for the "Li spectrum at 15.6° from 1.2 GeV p + Ni [21]
with results from CEM03.03 and CEMO03.03F. Similar results
from MCNP6 are presented below in Sec. VIII. More extensive
results can be found in Ref. [39]. CEM03.03F has much im-
proved results compared to the original CEM03.03, especially
for heavy-cluster spectra.

Before implementing the extended “F’ versions of the
models into the MCNP6 transport code, we have tested that
the new models do not “destroy” the good predictive power
and agreement with available experimental data provided by
the original CEM03.03 and LAQGSMO03.03 event generators,
considering reactions previously well modeled and not used
directly in the current developments of the preequilibrium and
coalescence models. This is to verify that the extended “F”
models have similar good predictive powers as previously
established for the original event generators. We show only
a few examples from this extensive effort.

Figure 19 demonstrates this for 317 MeV n + **Bi — 1 at
54°, with experimental data measured by Franz et al. [81]. We
have obtained similar results for other neutron-induced reac-
tions, at other incident energies, for other ejectiles and target
nuclei. These results illustrate that the improved production of
heavy clusters in CEMO03.03F has not destroyed the spectra of
particles and LF of mass 4 and below from neutron-induced
reactions, not considered during this development of the “F”
code versions.

Figures 20 and 21 compare examples of experimental data
for y- and w-induced reactions to results from CEM03.03 and
CEMO03.03F.

Figure 20 shows the results for 300 MeV y + "'Cu —
p at 45°, 90°, and 135° compared to experimental data by
Schumacher et al. [82].

Figure 21 shows the model results for 1500 MeV 7+ +
"Fe — n at 30°, 90°, and 150°, compared to experimen-
tal data from Nakamoto et al. [83]. The last two figures

034613-16



PRODUCTION OF ENERGETIC LIGHT FRAGMENTS IN ...

10°E T T T E
F 317 MeV n +299Bj -t ;
10" 3
El L ]
> 107k E
() E =
= L ]
3 10%F E
E F 3
a .3l 7
g 10°F
= F ]
g, 10tk ® Franzetal., 6 =54 deg. o
oo —— CEMO3.03F s
i - —- CEM03.03 L
10° i | | | ]

0 50 100 150 200

Triton Kinetic Energy T (MeV)

FIG. 19. Comparison of experimental data for 317 MeV n +
29Bj — 7 at 54° measured by Franz et al. [81] (solid circles) to results
from the original CEM03.03 (solid lines) and from the improved
CEMO03.03F (dashed lines).

provide examples of the consistency between CEMO03.03F
and CEMO03.03 for ejectile spectra from y- and m-induced
reactions.

Figure 22 shows the measured [84] mass and charge
distributions of the product yields from the reaction 800 MeV
p + "”7Au, the mean kinetic energy of these products, and
the mass distributions of the cross sections for the production
of thirteen elements with atomic number Z from 20 to 80,
compared to predicted results from the original CEMO03.03
and from CEMO03.03F. The results are essentially identical for
the two code versions for these observables.

Figure 23 shows the measured [85,86] fission cross sections
for n 4 Bi as a function of neutron energy, compared to results
from CEMO03.03 and CEMO03.03F. CEMO03.03F agrees reason-
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FIG. 20. Experimental data for 300 MeV y + "'Cu — p at 45°,
90°, and 135° from Schumacher ez al. [82] (open symbols), compared
to results from the unmodified CEM03.03 (solid lines) and to those
from CEMO03.03F (dashed lines).
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FIG. 21. Comparison of experimental data for 1500 MeV 7+ +
"Fe — n at 30°, 90°, and 150° from Nakamoto et al. [83] (open
symbols) to results from the unmodified CEMO03.03 (solid lines) and
to CEMO03.03F (dashed lines).

ably well with these new data on n 4 Bi fission cross sections,
even showing an improvement around energies of 100 MeV,
while seeming to slightly underpredict the experiments above
about 300 MeV. But because CEMO03.03F considers emission
of LF at the preequilibrium stage, there is some relative
depletion from the compound nucleus cross section, and
the mean values of A, Z, and E of the fissioning nuclei
differ slightly from the corresponding values in CEMO03.03.
All details of the extended GEM2 code used in CEM and
LAQGSM to calculate oy can be found in Refs. [2,4,24]. In the
case of subactinide nuclei, the main parameter that determines
fission cross sections calculated by GEM2 is the level-density
parameter in the fission channel, ay (or more exactly, the
ratio ay/a,, where a, is the level-density parameter for
neutron evaporation). Ideally, the empirical ay/a, parameter
in CEMO03.03F should be refit to reflect the changed average
properties of the fissioning compound nuclei following the
preequilibrium decay. This effort lies outside the scope of this
report, which is focused on energetic LF emission.

As CEMO03.03 is the default event generator within MCNP6
for energies above 150 MeV, its ability to run simulations
quickly is important. We tested the impact of the current
improvements on the computation time with each incremental
upgrade, and found either no significant increase or only a
small increase in the computation time. We tested also the cu-
mulative effect of all of the improvements on the computation
time. Adding all of the upgrades increases the computation
time by approximately one-third, depending upon the incident
energy and target nucleus. Considering the comprehensive
nature of the upgrades, and the dramatic improvements made
to the description of heavy cluster production, this seems to be
a relatively tolerable increase.

VIII. IMPLEMENTATION INTO MCNP6

As mentioned in the Introduction, MCNP6 is a general-
purpose Monte Carlo radiation-transport code used by several
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FIG. 22. Comparison of measured mass and charge distribution:
kinetic energies of these products, and the mass distributions of the ¢

s of the product yields from the reaction 800 MeV p + '°7Au, the mean
ross sections for the production of thirteen elements with atomic numbers

Z ranging from 20 to 80 [84] (open symbols), to predicted results from the original CEMO03.03 (solid lines) and from CEMO03.03F (dashed

lines).

thousands of individuals or groups to simulate various nuclear
applications. But MCNP6 can be and is actually used also in
academic studies, e.g., to simulate experimental facilities or
only some of their parts, such as target stations, or to estimate
some unmeasured cross sections. The easiest way to calculate
with MCNP6 the absolute values of spectra of ejectiles and/or
yields of reaction products is by using its so-called GENXS
option (e.g., [1,87]).

Previously, double differential cross sections of ejectiles
could be calculated by MCNP6 using the GENXS option only

for elementary particles and very light fragments up to “He.
Thus, a necessary first step in implementing the improved
CEMO03.03F into MCNP6 involves extending the ability to
output spectra of heavy clusters.

We have extended the GENXS option [88]. This GENXS
upgrade includes the ability to calculate (or, to “tally,” in the
language used by MCNP6) and output double differential
cross sections for any fragment or heavy ion. This upgrade
also includes the ability to tally and output angle-integrated
cross sections as a function of emitted fragment energy and
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FIG. 23. Comparison of measured fission cross sections for n +
Bi [85] (open circles) and [86] (solid diamonds) to results from the
unmodified CEMO03.03 (solid line) and from CEMO03.03F (dashed
lines).

energy-integrated cross sections as a function of emitted angle,
for any products. More details on using this GENXS extension
can be found in Refs. [39,88].

After completing and testing the improved CEMO03.03F,
and after extending the GENXS option of MCNP6, we
inserted CEMO3.03F to replace the older CEMO03.03 event
generator into a working test version of MCNP6, called
MCNP6-F. Two of the current improvements are always
implemented in MCNP6-F: the upgraded NASA-Kalbach
inverse cross sections in the preequilibrium stage, and the
new energy-dependent y; numerical model. The other two
improvements (extension of preequilibrium emission to Mg,
and the extension of the coalescence model to 'Be), both of
which increase slightly the computation time, may be turned
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FIG. 24. Comparison of experimental data on 1200 MeV p +
97 Au — °Li at 20°, measured by Budzanowski et al. [20] (solid
circles), to calculated results by CEMO03.03F (red solid line), MCNP6-
F with npreqtyp = 66 (dashed green line), MCNP6-F with npreqtyp
= 6 (dash-dash-dotted blue line), and the original MCNP6 with the
GENXS extension only (red dotted line).
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off if desired. We also introduced a new input variable to
specify the number of types of preequilibrium and coalescence
fragments to be considered. The default of MCNP6-F is to
consider the full upgrade of CEMO03.03F as described above,
i.e., up to 66 types of preequilibrium particle and LF and up
to A =7 in the coalescence model. But if a user wishes to
save about 1/3 of the computing time, this input parameter
may be given a value of 6, to consider emission of only 7,
p, d, t, He, and *He, as done in the original CEM03.03.
As mentioned in the previous section, LAQGSMO03.03F is
still under development, and is not yet implemented into
MCNP6-F; this will be done in the future, after the completion
and validation of LAQGSMO03.03F.

We have tested MCNP6-F on a large number of various
reactions. A very few examples from this validation work are
presented below.

Figure 24 illustrates the results for 1200 MeV p + '’ Au —
®Li at 20°, with experimental data by Budzanowski ez al. [20].
This figure provides additional evidence that MCNP6-F
demonstrates increased production of heavy clusters in the
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FIG. 25. Comparison of experimental data for 2500 MeV p +
"INi — ¢,7Li at 100°, measured by Budzanowski ez al. [21] (solid
circles), to calculated results from CEMO03.03F (solid red lines),
MCNP6-F with npreqtyp= 66 (dashed blue lines), and the original
MCNP6 with the GENXS extension only (dash-dotted green lines).
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mid- and high-energy regions compared to the original
MCNP6. This reaction also highlights the need to improve the
evaporation model used by CEM: The peak of the spectrum is
too high; such peaks are largely produced by evaporation. We
expect that this situation might be improved by implementing
the improved inverse cross sections already incorporated into
the preequilibrium model into the evaporation model, and hope
to do such work in the future. We note there is a recent work on
improving the Liege INC to its INCL4.6 version by Boudard
et al. [10], which obtained similar results for heavy-cluster
spectra from this reaction using INCL4.6 + ABLAO7.

Figure 25 demonstrates the results for 2500 MeV p +
"UNi — ¢,’Li at 100°, compared to experimental data mea-
sured by Budzanowski ef al. [21]. The triton spectra again
illustrate that MCNP6-F achieves increased production of
heavy clusters without “destroying” the established spectra
of nucleons and LF with A < 5.

Many more similar results on the validation of the extended
MCNP6-F for other reactions can be found in Refs. [39,40].

IX. CONCLUSIONS

We have presented the results of our work to improve
the description of energetic light-fragment production by the
CEM and LAQGSM models, and by the Los Alamos MCNP6
transport code from various nuclear reactions at energies up to
~1 TeV /nucleon.

In these models, energetic LF can be produced via
Fermi breakup, preequilibrium emission, and coalescence
mechanisms. We extend the modified exciton model used by
CEMO03.03 to describe emission of preequilibrium particles
to account for a possibility of multiple emission of up to 66
types of particles and LF (up to 2*Mg) at the preequilibrium
stage of reactions. For this extension, we had to develop
an approximation, or a “numerical model,” to calculate the
probability y; of several excited nucleons to condense into a
fragment of the type j inside the nucleus, that can be emitted
at the preequilibrium stage of a reaction.

We have also improved the calculation of inverse cross
sections at the preequilibrium stage of reactions, with a new
hybrid NASA-Kalbach approach, instead of using the old
Dostrovsky model which was used previously. This extended
version of the MEM is implemented into the upgraded CEM,
labeled CEMO03.03F, as well as into a new LAQGSMO03.03F.

Then, we extended the coalescence models in these codes
to account for coalescence of LF from nucleons emitted at
the intranuclear cascade stage of reactions and from lighter

PHYSICAL REVIEW C 95, 034613 (2017)

clusters, up to fragments with mass numbers A < 7, in the
case of CEM, and A < 12, in the case of LAQGSM. Finally,
we studied several variations of the Fermi breakup model and
chose the option with the best overall performance to use in
the production versions of the models.

We have tested the improved versions of CEM and
LAQGSM on a variety of nuclear reactions induced by
nucleons, pions, photons, and heavy ions. On the whole,
the improved models describe much better than the original
“03.03” versions production of energetic fragments heavier
than *He, without “destroying” the good agreement provided
by the standard versions for the emission of nucleons, light
complex particles, and residual nuclei.

Next, we extended MCNP6 to allow calculation of and
outputting of spectra of fragments and heavier products with
arbitrary mass and charge numbers.

Last, we implemented the improved CEMO03.03F into
MCNP6, producing an upgraded version called MCNP6-F.
LAQGSMO03.03F is not complete and will be incorporated
into MCNP6-F at a later time. We have validated MCNP6-F
on a variety of measured nuclear reactions.

We conclude that the improved CEM, LAQGSM, and
MCNP6 allow us to describe energetic LF from particle-
and nucleus-induced reactions and provide a good agreement
with available experimental data. They have a good predictive
power for various reactions at energies up to ~1 TeV /nucleon
and can be used as reliable tools in applications involving such
types of nuclear reactions as well as in scientific studies.

For future work, we hope to complete the development of
LAQGSMO03.03F and to implement it into MCNP6. We also
hope to develop a better deexcitation (evaporation/fission +
multifragmentation) model for both the CEM and LAQGSM
event generators by incorporating the new inverse cross
section approximations developed for and employed in the
preequilibrium model.
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