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The emission of heavy clusters, or light fragments (LF), also known as intermediate-
mass fragments (IMF), produced in nuclear reactions is an open question. Di erent
reaction mechanisms contribute to their production; the relative roles of each, and how
they change with incident energy, mass number of the target, and the type and emission
energy of the clusters is not completely understood.

None of the available models are able to accurately predict emission of LF from arbitrary
reactions. However, the ability to describe production of LF (especially at energies
& 30 MeV) from many reactions is important for many applications, such as cosmic-
ray-induced single event upsets (SEUs), radiation protection, and cancer therapy with
proton, neutron, and heavy-ion beams, to name just a few. The cascade-exciton model
(CEM), version 03.03, and the Los Alamos version of the quark-gluon string model
(LAQGSM), version 03.03, event generators in the Monte-Carlo N-Particle Transport
Code, version 6 (MCNP6) describe quite well the spectra of fragments with sizes up to
4He across a broad range of target masses and incident energies (upto 5 GeV for CEM
andupto 1 TeV/A for LAQGSM). However, they do not predict the high-energy tails

of LF spectra heavier than “He well. Most LF with energies above several tens of MeV
are emitted during the precompound stage of a reaction; the 03.03 versions of CEM and
LAQGSM do not account for precompound emission of LF larger than ~ 4He. The aim of
this work is to extend the precompound model in these event generators to include such
processes, with the aim of increasing the predictive power of MCNP6 for LF production.
This entails upgrading the modi ed exciton model currently used at the preequilibrium
stage in CEM and LAQGSM. It also includes extending the coalescence and Fermi
breakup models used in the precompound stages of spallation reactions within CEM
and LAQGSM. Extending the models to include emission of fragments heavier than ~ “He
at the precompound stage has indeed provided results that have much better agreement
with experimental data.

CONTENTS [CIV."Preequilibrium [inverse Cross Secfions | 12
A_Background | 13
[ nfroduction ] 2 [B._Comparison of Total-Reaction-Cross-Secfion |
[A__Why This Research Is Needed | 2 [ Modelsl 14
3 [L_Neufron-Tnduced Reacfions | 14
3 [Z_Proton-Induced Reaciions | 14
4 |3._Heavy-lon Induced Reactions | 15
._Emission of High-Energy LF in Other Models 4
[ info CEMO3.03F ] 15
L_Il._Fermi Breakup | 5 1. Kalbach Systematics | 16
._Investigation of Fermi Breakup Cut-0 5 . Calculation of the Emission Width, j 16
[B._Fragment Production Cross Sections | 5 3. Kinetic-Energy Simulation 17
C_Fragment Specira ] 7 [D_Resuls] 18
D._Limiting Fragmentaion | 7 [E_Conclusion] 18
[E._Conclusion] 7
[—V__Coalescencd 18
I1l. Extending the Preequilibrium Model 9 A. B g d 18
[A”_The Modied Exciton Model (MEM) | 9 [B._Coalescence Model Extension] 19
[I_Particle Emission | 10 |1._Coalescence Parameter pc| 20
[Z_Excifon Transifions | 1 [C._Results and Analysis | 20
[3_Angular Distributions ] 11 D. TAQGSM | 20
[B_Extension of the MEM 1 12 [E._Conclusion] 21
| VL. Preequilibrium | i Model| 22
A. Background | 22
B_Statistical Analysis | 23

leslie31415@gmail.com [T Fragment-Specic Fj| 24



mailto:leslie31415@gmail.com

[2._Neutron-Induced Reactions | 24
[3. General Fj Model| 26
|C. Spectra with Fitted F; Compared to Spectra from |
[ the F; Model| 26
27
. Fragment Spectra for Proton-Induced Reactions 27

E. Eragment SEectra or ﬂeutron— n@uce@ Eeactlons 28

C. Fragment Specfra from - and _-Induced Reactions] 30
ID._Product Yields | 30
E. Computational Time Considerations 31
[F. Conclusions] 32
I11. " Implementation into MCNP6 33
A._Expanded GENXS Opfion 33
1. Further Tests 35
B. MCNP6 with the Light-Fragment Upgrades | 35
[I_Results] 35
37
[—References 38

I. INTRODUCTION

The Monte Carlo Methods, Codes, and Applications
group within the Computational Physics Division at
Los Alamos National Laboratory (LANL) has led the
development of the transport code MCNP6 (Monte
Carlo N-Particle transport code, version 6) (Goorley
et al., |2012). MCNP6 is a general-purpose, continuous-
energy, generalized-geometry, time-dependent, Monte-
Carlo radiation-transport code designed to track many
particle types over broad ranges of energies. It is used
around the world in applications ranging from radia-
tion protection and dosimetry, nuclear-reactor design,
nuclear criticality safety, detector design and analysis,
decontamination and decommissioning, accelerator ap-
plications, medical physics, space research, and beyond.
At lower energies, the code uses tables of evaluated nu-
clear data, while for energies # 150 MeV), MCNP6 uses
the cascade-exciton model, version 03.03 (CEMO03.03)
(Gudima et al., [1983; Mashnik et al) 2008), and the
Los Alamos quark-gluon string model, version 03.03
(LAQGSMO03.03) (Gudima et al., |2001;| Mashnik et al.,
2008) to model nuclear reactions.

Emission of energetic heavy clusters heavier thafiHe
from nuclear reactions play a critical role in several appli-
cations, including electronics performance in space, hu-
man radiation dosages in space or other extreme radia-
tion environments, proton- and hadron-therapy in med-
ical physics, accelerator and shielding applications, and
more. Understanding the production of LF is still an
open question. Di erent reaction mechanisms contribute
to their production; the relative roles of each, and how
they change with incident energy, mass number of the
target, and the type and emission energy of the frag-
ments is not completely understood.

None of the available models are able to accurately pre-
dict emission of LF from arbitrary reactions. The CEM

and LAQGSM event generators in MCNP6 describe quite
well the spectra of fragments with sizes up td*He across a
broad range of target masses and incident energies (up to

5GeVfor CEMandupto 1 TeV/A for LAQGSM).
However, they do not predict the high-energy tails of
LF spectra heavier than “He well. Most LF with ener-
gies above several tens of MeV are emitted during the
precompound stage of a reaction. The 03.03 versions of
CEM and LAQGSM do not account for precompound
emission of LF larger than“He.

The aim of this study is to extend the precompound
model in these event generators to include such processes,
leading to an increase of predictive power for LF produc-
tion in MCNP6. This entails upgrading the modi ed
exciton model currently used at the preequilibrium stage
in CEM and LAQGSM. It also includes verifying and ex-
tending the coalescence and Fermi break-up models used
in the precompound stages of spallation reactions within
CEM and LAQGSM. We will demonstate an improved
agreement with experimental data achieved by extend-
ing these models to include emission of fragments heavier
than “He at the precompound stage.

A. Why This Research Is Needed

In October 2008, an Airbus commercial airplane was
struck by a cosmic ray en route from Perth to Singapore.
One of its inertial reference computer units failed, and it
sharply lost altitude (Cooper} 2012). It did land safely,
but the occupants of the plane sustained signi cant in-
juries and the plane sustained signi cant damage.

These SEUs are not rare, and can wreak signi cant
havoc. For example, in a typical space shuttle mission
the craft's computers typically receive hundreds of SEUs
(Singleterry, |2012). In addition, even though the airplane
incident was serious, even more serious incidents can oc-
cur: during the Cold War, a U. S. satellite was hit by
cosmic rays, subsequently malfunctioning and triggering
false alarms of nuclear attacks |(Borning, 1987). Under-
standing how high-energy fragments interact with matter
is critical to preventing such malfunctions.

Accurate simulation of LF spectra is also important
in the eld of radiation shielding, especially for extreme
environments like accelerators. An even larger problem
is radiation shielding for the humans exposed to these
extreme environments, such as astronauts in space (Sin-
gleterry, 2012).

This research is also important to several medical
elds, such as cancer treatment with proton or heavy-ion
beams. Proton and heavy-ion therapy has been shown
to be more e ective than x-ray therapy, and have many
fewer side e ects (MacReady| 2012). However, challenges
remain in ensuring energy is deposted only in the desired
target (tumor) (Polf and Parodi,|2015).

Another indication of the importance of this research



is the recommendation of the IAEA following an inter-
national evaluation and comparison, the 2008-2010 In-
ternational Atomic Energy Agency (IAEA) Benchmark
of Spallation Models, that we make this change in the
code (Lerayet al., |2011; Mashniket al.,|2010). While no
other spallation model can generally predict high-energy
light-fragment emission from arbitrary reactions, it is a
goal of several international model-development groups.

On a more pragmatic level, MCNP6's GENXS option
presently does not produce tallies of spectra for particles
heavier than #*He. This limitation is serious for some
MCNP6 interest groups.

Finally, we anticipate that this research will help us to
understand better the mechanisms of nuclear reactions
at intermediate energies.

1. Comparison with Experimental Data

Figure [1 shows the double-di erential cross sections
for the reaction 200 MeV p + 2’Al!l  5Li, comparing the
experimental data from Machner et al. (Machner et al.,
2006) (open symbols) to the unmodi ed CEM03.03 (solid
red lines).
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FIG. 1 Comparison of results calculated by CEM03.03 (solid
red lines) to experimental data on 200 MeV p + 2’Al | °Lj,
measured by Machner et al. (Machner et al., 2006) (open
symbols).

The vertical axis presents the double di erential cross
sections. The horizontal axis shows the kinetic energy
of the emitted 6Li particles in MeV. The di erent data
bands represent®Li detected (or simulated) at di erent
angles, and are separated by multiplying each band by
a dierent power of 10. The current version of CEM
does not predict the observed high-energy tails ofLi
well. This is true across other reaction energies and tar-
get mass numbers for all fragments heavier tharfHe,
for higher energies. At lower energies .( 25 MeV)
CEM matches well, but as we enter intermediate ener-
gies & 25 MeV) CEM falls o sharply. This is because
the only mechanism for producing®Li fragments is evap-
oration, which does consider emission of LF (up t¢®Mg)
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(Furthata et all [2001). At higher energies & 25 MeV),
the fragments should largely be produced at the pree-
quilibrium stage, while a smaller, but still signi cant,
contribution will come from the coalescence of nucleons
produced in the INC. Neither the MEM nor the coales-
cence model presently considers fragments heavier than
‘He.

B. CEM and LAQGSM Physics

Details, examples of results, and useful references to
di erent versions of CEM and LAQGSM may be found
in a recent lecture (Mashnik et al., [2008).

The cascade-exciton model (CEM) of nuclear reactions
was proposed more than 30 years ago at the Labora-
tory of Theoretical Physics, JINR, Dubna, USSR by
Gudima, Mashnik, and Toneev (Gudima et al., [1983).
It is based on the standard (non time-dependent) Dubna
intranuclear cascade (INC) model (Barashenkovet al.
1973;| Barashenkov and ToneeV, 1972) and the modi ed
exciton model (MEM) (Gudima et al., |1975;|Mashnik
and Toneev,|1974). The code LAQGSMO03.03 is the lat-
est modi cation (Mashnik et al., |2007a) of LAQGSM
(Gudima et al., 2001), which in its turn is an improve-
ment of the quark-gluon string model (QGSM) (Amelin
et al, [1990). 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 (Mashnik et al., 2008, 2005b; Mashnik and
Sierk,|2012) and LAQGSMO03.03 (Mashniket al., |2005a,
2007a/ 2008). The CEM code calculates nuclear reactions
induced by nucleons, pions, and photons. It assumes that
the reactions occur generally in three stages (see Fig] 2).
The rst stage is the 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, CEM
uses the coalescence model to create high-energy d, t,
3He, and “He by nal-state interactions among emitted
cascade nucleons outside the target. The emission of the
cascade particles determines the particle-hole con gura-
tion, 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 modi ed exciton model of preequilibrium decay, fol-
lowed by the equilibrium evaporation/ ssion stage.

Generally, all three components may contribute to ex-
perimentally measured particle spectra and other distri-
butions. But if the residual nuclei after the INC have
atomic numbers with A Arermi = 12, CEM uses the
Fermi breakup model to calculate their further disinte-
gration instead of using the preequilibrium and evapora-
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FIG. 2 Flow chart of nuclear-reaction calculations by
CEMO03.03 and LAQGSMO03.03.

tion models. Fermi breakup, which estimates the proba-
bilities of various nal states by calculating the approx-
imate phase space available for each con guration, is
much faster to calculate and gives results very similar
to using the continuation of the more detailed models for
lighter nuclei. LAQGSM also describes nuclear reactions,
as a three-stage process: INC, followed by preequilibrium
emission of particles during the equilibration of the ex-
cited residual nuclei formed after the INC, followed by
evaporation of particles from and/or ssion of the com-
pound nuclei. LAQGSM was developed with a primary
focus on describing reactions induced by nuclei, as well
as induced by most elementary particles, at high ener-
gies, up to about 1 TeV/nucleon. The INC of LAQGSM
is completely di erent from that in CEM. LAQGSM also
considers Fermi breakup of nuclei withA 12 produced
after the cascade, and the coalescence model to produce
high-energy d, t, He, and “He from nucleons emitted
during the INC.

Many people participated in the CEM and LAQGSM
code development over their more than 40-year history.
Contributors to the "03.03' versions are S. G. Mashnik,
K. K. Gudima, A. J. Sierk, R. E. Prael, M. |. Baznat,
and N. V. Mokhov. L. M. Kerby has joined these e orts
recently to extend the precompound models of CEM and
LAQGSM by accounting for possible emission of light
fragments heavier than*He, speci cally up to 26Mg.

For more details on the physics of CEM and LAQGSM,
see Ref. |(Mashnik and Kerby, 2014).

1. Comments on the Emission of Energetic LF

The goal of this research is to enable MCNP6
to produce high-energy light fragments. Energetic
light fragments can only be emitted through precom-
pound processes, because by the time the reaction
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reaches compound-stage processes (evaporation and s-
sion), there is not enough energy left in the thermally-
equilibrated system to emit a high-energy light frag-
ment. Therefore, energetic light fragments may be emit-
ted through one of three processes:

Fermi breakup
Preequilibrium
Coalescence

We explore the emission of light fragments through each
of these mechanisms.

C. Emission of High-Energy LF in Other Models

The bulk of this research focuses on the emission of
high-energy LF at the preequilibrium stage of nuclear
reactions, as considered by our models. However, high-
energy LF can be produced at other precompound stages
of reactions. Cugnon et al. have modied their Lege
IntraNuclear Cascade (INCL) code to consider emission
of light fragments heavier than *He during the cascade
stage of reactions via coalescence of several nucleons at
the nuclear periphery (David et al.,|2011). These modi -
cations have not yet been generalized across all types of
reactions. In addition, the INCL+ABLA model is lim-
ited to relatively light incident projectiles (particles and
light ions, typically, up to oxygen) (Mancusi et al.,|2014).
Several previous papers by the same group discuss the
production of light fragments up to A = 10 (see, e.g.,
(Cugnon et all [2011a,b)). A 2013 paper by the same
authors presents satisfactory results for emission spectra
of ®He, 5Li, “Li, and "Be in the reaction p+1%7 Au !
and discusses emission of clusters up & = 12 (Boudard
et al., [2013).

Emission of “Be at the preequilibrium stage (de-
scribed by a hybrid exciton model and coalescence pick-
up model) was studied by A. Yu. Konobeyev and Yu.
A. Korovin two decades ago |((Konobeyev and Korovin,
1995). Additionally, preequilibrium emission of helium
and lithium ions and the necessary adjustments to the
Kalbach systematics was discussed in Ref. | (Uozumi
et al., [2007). Preequilibrium emission of light fragments
was also studied within the CEM in 2002 (Mashniket al.,
2006), but that project was never completed.

Finally, energetic fragments can be produced via Fermi
breakup (Fermil 1950) and multifragmentation processes,
as described, e.g., by the statistical multifragmentation
model (SMM) (Bondorf et al.,/1995); (see a comparison of
the Fermi breakup model with SMM in the recent paper
by Souza et al. (Souzeet al., [2013)).

Light fragments can also be emitted during the com-
pound stage of reactions. GEM2, the evaporation model
used in CEM and LAQGSM, evaporates light fragments
up to Mg (Furihata et all [2001). In addition, light
fragments can be produced via very asymmetric binary



ssion, as described, e.g., by the ssion-like binary decay
code GEMINI by Charity et al. (Charity et al.,[2001), and
also via ternary ssion. For more information, see Ref.
(Ronen, |2012) wherein Y. Ronen discusses the physics
of how light fragments are products seen in ternary s-
sion. However, neither evaporation nor any ssion pro-
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TeV/nucleon. In recent years, MCNP6, with its CEM
and LAQGSM event generators, has been extensively
validated and veried (V&V) against a large variety

of nuclear-reaction data on both thin and thick targets
(see, e.g., Refs, (Mashnik, 2011ajb,c, 2013) and references
therein), and was recently speci cally tested on fragmen-

cesses can produce high-energy fragments, the focus of tation of light nuclei at intermediate energies (Mashnik

this study.

Finally, we mention that, as a rule, the authors of
most of the recent measurements of LF spectra analyze
their experimental data using a variety of simpli ed ap-
proaches assuming emission of LF from di erent moving
sources (see, e.g., Refs. (Bubagt al., [2007; Budzanowski
et al., [2008, 2010; Machneret al., [2006)). Such sim-
pli ed moving-source prescriptions are tted to describe
as well as possible only their own measured LF spectra,
and have not been developed further to become univer-
sal models with predictive power for spectra of LF from
arbitrary reactions. In addition, such approaches can-
not describe at all many other characteristics of nuclear
reactions, like the yields and energies of spallation prod-
ucts, ssion-fragment production, etc., and therefore are
not general enough to be useful as event generators in
transport codes.

For detailed information on spallation reactions and
research, see the boolandbook of Spallation Research
by D. Filges and F. Goldenbaum (Filges and Golden-
baum, 2009). A useful summary paper by J.-C. David,
on spallation models, is available in Ref.|(David, 2015).

Il. FERMI BREAKUP

One of the ways energetic heavy clusters can be pro-
duced is via Fermi breakup. The Fermi breakup model
is used in CEM and LAQGSM for residual nuclei with
atomic mass numberA 12, making it particularly im-
portant for reactions with light target nuclei. It is impos-
sible to measure all nuclear data needed for such appli-
cations; therefore, Monte-Carlo transport codes are usu-
ally used to simulate impacts associated with fragmen-
tation reactions. It is important that available transport
codes simulate such reactions as well as possible. For
this reason, during recent years, e orts have been made
to investigate the validity and performance of, and to
improve where possible, nuclear reaction models simulat-
ing fragmentation of light nuclei in GEANT4 (Pshenich-
nov et al., 2010), SHIELD-HIT (Hansen et al., |2012;
Hultqvist et al. [2012; Lshr et al., |2012), and PHITS
(Ogawa et al., [2013;| Satoet al., [2013).

The Los Alamos Monte-Carlo transport code MCNP6
uses CEMO03.03 to simulate fragmentation of light nuclei
at intermediate energies for reactions induced by nucle-
ons, pions, and photons, and LAQGSMO03.03 to simu-
late fragmentation reactions induced by nuclei and by
elementary particles at higher energies, up to about 1

and Kerby, 2014).

A. Investigation of Fermi Breakup Cut-o

De-excitation of light nuclei with A Apermi remain-
ing after the INC is described in CEM and LAQGSM only
with the Fermi breakup model, where Agemi is a “cut-o
value' xed in the models. The value of Agermi is @ model
parameter, not a physical characteristic of nuclear reac-
tions. Actually, the initial version of the Fermi breakup
model incorporated into CEM and LAQGSM (Mashnik
et al.,[2005a,b) usedA  Arermi = 16, justas Agermi = 16
is used currently in GEANT4 (see (Pshenichnovet al.,
2010)) and in SHIELD-HIT (see (Hansen et al., 2012;
Hultgvist et al., 2012;|Lshr et al) 2012)). But that ini-
tial version of the Fermi breakup model had some prob-
lems and code crashes in some cases. To avoid unphysical
results and code crashes, we chose the expedient of us-
ing Arermi = 12 in both CEM and LAQGSM. Later, the
problems in the Fermi breakup model were xed, but the
value of A Was not changed at that time, nor was
how its value a ects the nal results of these codes stud-
ied. We will address this, calculating spectra of emitted
particles and light fragments, and yields of all possible
products from various reactions using di erent values for
Arermi - We discuss separately production cross sections
(Section and spectra of particles and light fragments
(Section[II.C). See Ref. (Mashnik and Kerby, 2014) for
more complete results.

B. Fragment Production Cross Sections

One of the most dicult tasks for any theoretical
model is to predict cross sections of arbitrary products
as functions of the incident energy of the projectiles initi-
ating the reactions, i.e., excitation functions. Therefore,
we start the study by comparing the available experimen-
tal 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, CEM03.03, as well as
with results calculated by CEM03.03 used as a stand-
alone code.

We show only a few excitation functions, for proton-
induced reactions on 0. Many more results can be
found in Ref. (Mashnik and Kerby, |2014). Fig.@ presents
results for the reaction p + 0. Most of the experimental



FIG. 3

Excitation functions for the production of °B, °Be, °Be, and "Be, calculated with CEM03.03 using the “standard' version of

the Fermi breakup model (Aremi = 12) and with cut-o values Agmi 0f 16 and 14, as well as with MCNP6 using CEM03.03

(Arermi = 12) compared with experimental data, as indicated. Experimental data are from the T16 Lib compilation (Mashnik
et al., [1998b).

data for these reactions were measured off' O targets,
with only a few data points obtained for *°0O; all the cal-
culations use!®0. For these reactions, we perform three
sets of calculations, usingAremi = 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 we displayed in Ref. (Mashnik and Kerby,
2014) for p + N, ?Al, or " Sj,

The results demonstrate very good agreement be-
tween the excitation functions simulated by MCNP6
using CEM03.03 and calculations by the stand-alone
CEMO03.03, and a reasonable agreement with most of the
available experimental data. This serves as a (V&V) of
MCNP6 and shows no problems with the imcorporation
of CEM03.03 into MCNP6 or with the simulations of
these reactions by either code.

The observed discrepancies between some calculated
excitation functions and measured data at energies be-
low 20 MeV are not of concern. As its default, MCNP6
uses data libraries at such low energies and never uses

CEMO03.03 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 rst stage
of nuclear reactions, and the INC is not expected to work
properly at such low energies (see details in| (Mashn|k
et al., |2008; Mashnik and Sierk; 2012)).

Results calculated both with Agrmi =12 and 16 agree
reasonably well with available data, taking into account
that all calculations, at all nergies and for all reactions are
done with the xed versions of these codes, without any
tuning or changing of any parameters. However, in some
cases, there are signi cant di erences between excitation
functions calculated with Agermi = 12 and 16.

For many cases, a better description of the heavy frag-
ments occurs forAremi = 16 or 14, and usually the light
fragments are better described usindArermi = 12. How-
ever, the model with any of these values agrees quite well
with the measured data, especially for LF with Z 4
(See Ref. (Mashnik and Kerby, 2014)). For LF with
Z > 4, it is dicult to determine which value agrees



better with the data: Aremi =12 or Arermi = 16. Light
fragments with Z = 3 and 4 are described a little bet-
ter with Arermi = 12. As discussed at the end of the
next Section, preequilibrium emission described with an
extended version of the MEM (not accounted for in the
calculations shown in Fig.[3), can be important and may
change the nal CEM results for this reaction; therefore,
we are not ready to make a nal decision about which
value of the Fermi-breakup cut-o works better for this
system.

C. Fragment Spectra

This section presents several examples of particle and
LF spectra from p + °Be at 300 MeV. Many more ex-
amples are shown in Ref.|(Mashnik and Kerby, 2014),
some of which address di erent reaction mechanisms for
fragment production, with some involving more than one
mechanism in the production of the same LF in a given
reaction.

Fig. 4 shows examples of measured particle and
LF double- dierential spectra from p + °Be at 300
MeV (Green et al [1987), compared to CEM results. Be-
cause’Be has a mass number < A rermi = 12, all the
LF from these reactions are calculated by CEM 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 théBe target nu-
cleus during the INC. No preequilibrium or evaporation

mechanisms are considered for these reactions by CEM.

There is quite a good agreement of the CEM predictions
with the measured spectra from p + °Be for all products

shown in this example: protons, complex particles (t),

and heavier nuclides®He to "Be.

D. Limiting Fragmentation

The limiting-fragmentation hypothesis, rst proposed
by Benecke, et al. (Beneckeet al., [1969), suggests that
fragmentation cross sections reach asymptotic values at
su ciently high incident-projectile energies. That is to
say that, above a given bombarding energy, both the dif-
ferential and total production cross sections remain con-
stant. Figs. [§ and[§ validate the limiting-fragmentation
hypothesis.

Fig. B| displays the double di erential cross sections for
the production of “He from the reaction 1.2/1.9/2.5 GeV
p + 12C. Fig. E]shows the total production cross sections
by isotope, from protons to 1N, from the same reac-
tions. The fragmentation di erential cross sections for
4He are approximately constant across the bombarding
energy range of 1.2, 1.9, and 2.5 GeV. Limiting frag-
mentation predicts this constancy. From Fig. 2.1 of M.
Fidelus' Ph.D. thesis (Fidelus,|2010), we expect that, for

7

the production of “Be, limiting fragmentation will begin
at 200 MeV bombarding energy; for this case of pro-
tons incident on '2C. “He is lighter than “Be, and the
bombarding energies are all well above 200 MeV; there-
fore, we expect constancy in di erential and total pro-
duction cross sections. Fig[ p demonstrates constancy of
total production cross sections. There are small di er-
ences in total production cross sections for the heavier
clusters (i.e., %11C), which is also in agreement with
the limiting-fragmentation hypothesis, as heavier emit-
ted fragments should have a higher bombarding energy
at which limiting fragmentation occurs.

E. Conclusion

Energetic LF can be produced with Fermi breakup, es-
pecially for light targets. On the whole, MCNP6 and its
CEM and LAQGSM event generators describe quite well
all the reactions we tested, providing good enough agree-
ment with available experimental data. This is especially
important for calculations of cross sections of arbitrary
products as functions of incident projectile energies, i.e.,
excitation functions, one of the most di cult tasks for
any nuclear reaction model. We nd good predictions by
both MCNP6 and CEM03.03 used as a stand-alone code,
of a large variety of excitation functions for products from
proton-induced reactions (see (Mashnik and Kerby, 2014)
for more results of excitation functions). An older ver-
sion of CEM, CEM95, was able to predict reasonably well
most excitation functions for medium and heavy nuclear
targets, but had big problems in calculating some exci-
tation functions for light nuclei (Mashnik et al., [1998a).

CEM and LAQGSM assume that intermediate-energy
fragmentation reactions on light nuclei occur generally
in two stages. The rst stage is the (INC), followed by
the second, Fermi breakup disintegration of light excited
residual nuclei produced after the INC. Both CEM and
LAQGSM also account for coalescence of light fragments
(complex particles) up to “He from energetic nucleons
emitted during the INC.

We investigated the validity and performance of
MCNP6, CEM, and LAQGSM in simulating fragmen-
tation reactions at intermediate energies for targets with
A < 13 (see|(Mashnik and Kerby| 2014) for more results).
We nd that while the xed default versions of CEM03.03
and LAQGSMO03.03 in MCNP6 provide reasonably good
predictions for all reactions tested, a ne-tuning of the
Arermi  Cut-o parameter in the Fermi breakup model
might provide a better description of some experimental
data.

An independent test of the Fermi Breakup model used
in CEM03.03 and LAQGSMO03.03 was performed recently
by Konobeyev and Fischer (Konobeyev and Fischer,
2014) for the Fall 2014 Nuclear Data Week. These au-
thors calculated with MCNP6 using its Bertini (Bertini,



FIG. 4 Examples of measured particle and LF double-di erential spectra from p + °Be at 300 MeV (Green et al [1987) (open
symbols), compared to CEM results (histograms).

1963,/1969), ISABEL (Yariv, [2008; Yariv and Frankel, [1987) from the reaction 190 MeV p + °Be; all spectra of
1979/1981), INCL+ABLA (Boudard et al.,2002; Cugnon p, d, t, He, and *He from the reaction of 300 MeV p +
et al, [1997; Junghanset al, [1998), and CEMO03.03 event °Be (Green et al., [1987), as well as all neutron spectra
generators (Mashnik and Sierk| 2012), as well as with the from interactions of 113 MeV protons with °Be (Meier
TALYS code (Koning et al., 2004), all the experimental et all, [1989) and from 256 MeV p + °Be (Meier et al.,
spectra of *He and “He measured in Ref. |(Greenret al., 1992). As is often done in the literature, to get quan-
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FIG. 5 “He spectra at 35 for 1.2/1.9/2.5 GeV p + 2C mea-
sured by M. Fidelus of the PISA collaboration (Fidelus, 2010)
(solid symbols) with calculations by CEM03.03 (top) and
MCNP6 (bottom) (lines).

titative estimations of the agreement or disagreement of
the spectra calculated by di erent models with the mea-

sured ones, the authors performed a detailed statistical
analysis using nine di erent “deviation factors,' namely,

H, RCE, REC, <F >,S, L, Pyg, Pigo, and Ny. The

de nition of each can be found in the Konobeyev and
Fischer paper.

Konobeyev and Fischer 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 re-
actions are calculated using only the INC followed by
the Fermi Breakup model. The better results from
CEMO03.03 in comparison with the other models prove
that the Fermi breakup model used in CEM03.03 (and
in LAQGSMO03.03) in MCNP&6 is reliable and can be used
with con dence as a good predictive tool for various nu-
clear applications.
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FIG. 6 Total production cross sections by isotope, from pro-
tons to 2N, for 1.2/1.9/2.5 GeV p + *C measured by M.
Fidelus of the PISA collaboration (Fidelus,|2010) (open sym-
bols) with calculations by CEM03.03 (lines).

I1l. EXTENDING THE PREEQUILIBRIUM MODEL

The preequilibrium interaction stage of nuclear reac-
tions is considered by the current CEM and LAQGSM
in the framework of the latest version of the modi-
ed exciton model (MEM) (Gudima et all [1975;| Mash-
nik and Toneev, |1974), as described in Ref.| (Mashnik
et al 2005h). At the preequilibrium stage of a reaction,
CEMO03.03 and LAQGSMO03.03 take into account all pos-
sible nuclear transitions changing the number of excitons
n with , =+2, -2, and 0, as well as all possible mul-
tiple subsequent emissions of n, p, d, t3He, and “He.
The corresponding system of master equations describ-
ing the behavior of a nucleus at the preequilibrium stage
is solved by the Monte-Carlo technique (Gudimaet al.,
1983). This section investigates the impact of extend-
ing the MEM to include the possibility of emitting heavy
clusters, with A > 4, up to 22Mg.

A. The Modi ed Exciton Model (MEM)

The probability of nding the system at the time mo-
ment t in the E state, P(E; ;t ), is given by the di er-
ential equation:

P(E;;t)

X
: = [ (E;E 9P(E; %t)

6 0
(E SE )P(E;:t):

1)

Here (E:E 9 is the energy-conserving probability
rate, de ned in rst-order time-dependent perturbation



theory as

(2)

The matrix element < E jVJE ° > is believed to be
a smooth function of energy, and! (E) is the den-
sity of the nal state of the system. We note that
Eq. is derived assuming that the memory time mem
of the system is small compared to the characteristic
time for intranuclear transitions ~= (E ;E 9 but, on
the other hand, Eq. @) itself is applicable for the time
moments t ~= (E;E 9. Due to the condition
mem  ~= (E;E 9, being described by Eq. [}), the
random process is a Markovian one.

The modied exciton model (Gudima et all (1983,
1975;|Mashnik and Toneey| 1974) utilized by CEM and
LAQGSM uses e ectively the relationship of the mas-
ter equation with Markovian random processes. In-
deed, an attainment of the statistical equilibration de-

(E;E 9= %j<E jVIE °> j?1 (E):

scribed by Eq. (1) is an example of a discontinuous :
Markovian process: the temporal variable changes con- :

tinuously and at a random moment the state of the sys-
tem changes by a discontinuous jump, the behavior of
the system at the next moment being completely de ned
by its present state. As long as the transition prob-
abilites (E;E 9 are time-independent, the waiting
time for the system in the E state has an exponen-
tial distribution (5’0|sson ow) with the average lifetime
~=( ;E )= ~= (E;E 9. This prompts a simple
method of solving the related system of Eq.[(L): simula-
tion 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  n =0; 2, and the
multiple emission of particles and to depletion of nuclear
states due to particle emission. In this case the system
becomes [(Mashnik and Smolyansky|, 1996):

P(E;;t)
t

(M E)P(E;n;t)+

+

+(n ZE)P(E;n

o(N;E)P(E;n;t)+
(n+2;E)P(E;n +2;t)+
z z

2;t)+

+

3)

+

+ dT
j
P(E%n+n;;t) (E°

dE® | (n;E;T)

E B T)

With the master equation (@, we can nd the particle
emission rates j and the exciton transition rates .+, o,
and

1. Particle Emission

According to the detailed balance principle, the emis-
sion width ;, (or probability of emitting particle frag-
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ment j ), is estimated as

Zg Bj
j(phE) = j (P E; T)dT; (4)
i
where the partial transmission probabilities, ;, are equal
to

25s+1 !'(p LhiE Bj T)
2= L (p;hiE)

< (p;h)T ™ (T);

j(phE;T) = )

: p: number of particle excitons;
: h: number of hole excitons;
. E: internal energy of the excited nucleus (sometimes

referred to asU);
sj . spin of the emitted particle j;
j : reduced mass of the emitted particlej ;
I . level density of the n-exciton state;
B; : binding energy;
Vi¢: Coulomb barrier;

: T: kinetic energy of the emitted particle j ;

J-"“’ . inverse cross section:;

: <: creates zero probability of emission if the number of

particle excitons is less than the number nucleons
of particle j.

Equation (ED describes the emission of neutrons and
protons. For complex particles, the level density formula
! becomes more complicated and an extra factor; must
be introduced:

or ©®)

In reality Equation (@ for ; is a preliminary rough es-
timation that is re ned by parameterizing it over a mesh
of residual nuclear energy and mass numbern (Mashnik
and Sierk,|2012). As the MEM uses a Monte-Carlo tech-
nigue to solve the master equations describing the behav-
ior of the nucleus at the preequilibrium stage (see details
in (Gudima et al, (1983)), it is relatively easy to extend
the number of types of possible LF that can be emit-
ted during this stage. However, adding the possibility
of LF emission alters the previous ; parameterization,
e ectively requiring new parameters. The task of param-
eterizing  is the focus of Sectio

Assuming an equidistant level scheme with the single-
particle density g, the level density of the n-exciton state
is (Ericson,|1960)

g(gE)PT" 1

I'(p;E) = phi(p+ h 1)~

(7)

This expression should be substituted into Eq[} to obtain
the transmission rates ;.



2. Exciton Transitions

According to Equation @, for a preequilibrium nu-
cleus with excitation energy E and number of excitons
n = p+ h, the partial transition probabilities changing
the exciton number by n are

WPRE)= M L2 G(phiE). (@)

For these transition rates, one needs the number of states,
I', taking into account the selection rules for intranu-
clear exciton-exciton scattering. The appropriate formu-
lae have been derived by Williams|(F. Williams Jr.,|1970)
and later corrected for the exclusion principle and indis-
tinguishability of identical excitons in Refs. (F. Williams
Jr.} 1971; Ribansky et al., [1973):

1 [gE A (p+1;h+1)]2

!+(p;h;E)=§9 1
gE A (p+1;h+1) "'
gE A (p;h) ’ o
1 E A 'h
o(piy ) = 2995 2 (P

[p(p 1)+4ph+ h(h 1),

| (pihiE) = Sophn 2)

where A(p;h) = (p?>+ h?+ p h)= h=2. By neglect-
ing the di erence of matrix elements with dierent n,
My =M = Mp= M, we estimate the value ofM for
a given nuclear state by associating the . (p; h; E) tran-
sitions with the probability for quasi-free scattering of a
nucleon above the Fermi level on a nucleon of the target
nucleus. Therefore, we have

< (VreI)VreI >
Vint

n+1 (10)
gE A (p+1;h+1) "1

gE A (p;h) ’

where Vit is the interaction volume estimated asViy; =
g (2r. + =2 )3, with the de Broglie wave length =2

corresponding to the relative velocityviey = = 2T =My .
A value of the order of the nucleon radius is used for
in the CEM: r, =0:6 fm.

The averaging on the left-hand side of Eq.[(1D) is car-
ried out over all excited states, taking into account the
exclusion principle. Combining (§), (), and (10) we
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nally get for the transition rates:

< (Vrel )Vrel >

+(p;h;E) = ,
(p ) Vi
o(p;h;E):< (Vret )Vrel > gE A (p;h) n
Vint gE A (p+1;h+1)
n+1p(p 1) +4ph+ h(h 1)
n gE A (p;h) ’
o< (V)W > QgE A () "
(PihiE) === GE A (p+1:h+1)
ph(n +1)(n 2)
[9E A (p;h)]?
(11)

3. Angular Distributions

The CEM predicts angular distributions for preequilib-
rium 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 spec-
i ed not only by the exciton number n but also by the
momentum direction . Following Ref. (Mantzouranis
et al}, [1976), the master equation (Eq. [3)) can be gener-
alized for this case provided that the angular dependence
for the transition rates ., o, and (Eq. () may
be factorized. In accordance with Eq[1D, in the CEM it
is assumed that

<>1<>F (), (12)
where
d free —(¢
F(): d Oof free =g O (13)

The scattering cross sectiond ¢ =d is assumed to be
isotropic in the reference frame of the interacting exci-
tons, thus resulting in an asymmetry in both the nu-
cleus center-of-mass and laboratory frames. The angular
distributions of preequilibrium complex particles are as-
sumed to be similar to those for the nucleons in each
nuclear state (Gudima et al., (1983).

This calculational scheme is easily realized by the
Monte-Carlo technique. It provides a good description
of double-di erential spectra of preequilibrium nucleons
and a not-so-good but still reasonable description of
complex-particle spectra from di erent types of nuclear
reactions at incident energies from tens of MeV to sev-
eral GeV. For incident energies below about 200 MeV,
Kalbach (Kalbach| 1988) has developed a phenomenolog-
ical systematics for preequilibrium-particle angular dis-
tributions by tting available measured spectra of nu-
cleons and complex particles. As the Kalbach system-
atics are based on measured spectra, they describe very



well the double-di erential spectra of preequilibrium par-
ticles and generally provide a better agreement of calcu-
lated preequilibrium complex-particle spectra with data
than does the CEM approach based on Egs.[(17, 13).
Therefore, CEM03.03 incorporates the Kalbach system-
atics (Kalbach, [1988) to describe angular distributions
of both preequilibrium nucleons and complex particles
at incident energies up to 210 MeV. At higher energies,
CEMO03.03 uses the CEM approach based on Equ,

13).

B. Extension of the MEM

CEMO03.03 does not have the capability to output cross
sections for fragments larger than“*He. Therefore, one
of the rst things done was to add this capability. We
also created the capability to output by isotope, Z num-
ber, or mass number. For more details of this work, see
Ref. (Kerby et al., |2012).

Extending the MEM to produce the 66 fragments listed
in Table [ljinvolves extending Eq. (4) to calculate emission
widths for all 66 fragment types. This entails calculat-
ing Coulomb barriers, binding energies, reduced masses,
inverse cross sections, and condensation probabilities for
all 66 fragment types.

TABLE | The emitted fragments included in the modi ed
MEM.

Z; Ejectiles

0 n

1 p d t

2 %He “He °©®He °BHe

3 %L 7L 8L oL

4 "Be °Be "Be Be ?Be

5 8B lOB llB 1ZB lSB

6 1OC llc 12C 13C 14C 15C 1GC
7 12N 13N 14N 15N 16N 17N

8 140 lSO 160 170 180 190 ZOO
9 17F lBF 19F 20F 21F

10 ®Ne ®Ne 2°Ne ?!Ne *Ne Z%Ne 2*Ne
11 ?’Na #?Na *Na *Na ®Na

12 ZZMg 23Mg 24Mg 25Mg 26Mg 27Mg ZSMg

The upgraded MEM provides a dramatically improved
ability to describe light-fragment production at interme-
diate to high energies across most reactions tested. Fur-
thermore, we evaluated the energy spectra of nucleons
and complex fragments, to verify that the modi ed-MEM
code predicts the high-energy tails of fragment spectra
without destroying the spectra of established particles
and fragments; i.e., the good results for fragments “He
are not degraded. The bulk of these preliminary results
are not shown here because we modied the inverse-
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cross-section model. However, some results are shown in
Fig. 13, with further results to be found in Ref. (Kerby
et al., [2012).

A number of programming improvements to the re-
vised CEM code have made it more robust than the orig-
inal CEMO03.03.

IV. PREEQUILIBRIUM |INVERSE CROSS SECTIONS

Total-reaction-cross-section models have a signi cant
impact on the predictions and accuracy of spallation
and transport codes. CEM03.03 and LAQGSMO03.03 use
such cross-section models for di erent purposes than does
MCNP6. While total reaction cross sections are used
throughout the transport and spallation models, there
are two main uses. MCNP6 uses total reaction cross
sections to determine where a reaction occurs (through
the mean-free-path length), then with what nucleus the
projectile interacts, and what type of interaction it is (in-
elastic or elastic). CEM uses total reaction cross sections
asinverse cross sections to calculate the probabilities for
the emission of the possible nucleons and fragments. Phe-
nomenological approximations of total reaction cross sec-
tions are also used by CEMO03.03 as the default option
for normalization of all results in the case of reactions in-
duced by protons and neutrons, in its stand-alone mode;
see details in Refs.|(Mashniket all |2008; Mashnik and
Sierk,|2012).

Having accurate total-reaction-cross-section models in
the intermediate-energy region ( 50 MeV to 5 GeV)
is important for many applications. Space applica-
tions include astronaut radiation dosage, electronics-
malfunction analysis, structural-material analysis, and
galactic-cosmic-ray (GCR) shielding. Medical applica-
tions include hadron therapy for cancer (MacReady,
2012), radiation shielding, medical isotope production,
and high-radiation environment dosimetry. Other ap-
plications include accelerator design and simulation. In
addition, implementing better inverse cross sections in
CEM should provide more reliable predictions; that is,
this current work should be useful also from an academic
point of view, allowing us to better understand the mech-
anisms of nuclear reactions. Finally, the 2008{2010 IAEA
Benchmark of Spallation Models recommended an im-
provement to CEM's ability to predict the production
of energetic light fragments (Leray et al) [2011; Masht
nik et al), [2010). The improvement of the inverse cross
sections used by CEM03.03 directly addresses this point,
both for a better description of light fragments, but also
of nucleons.

The current inverse cross sections used in the preequi-
librium and evaporation stages of CEM are based on the
Dostrovsky et al. model, published in 1959 |(Dostrovsky
et al} [1959). Better total reaction (inverse)-cross-section
models are now available |(Barashenkov and Polanski,
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1994, lida et al., [2007;|Ingemarsson and Lantz| 2003;

Kalbach, (1998 Koxet al.[1987; Sheret al.,[1989] Takechi ~ _ B

et all, [2009; Townsend and Wilson| 198€; Tripathiet al Nasa = T a(AR+ AT+ 1)2(1 Rc.l.iT)Xm , (15)
1996, 1997, 199¢; Tsangt al., |1990). em

MCNP6 uses an update of the Barashenkov and Polan- where
ski (BP) cross-section model|(Barashenkov and Polanski,
1994) as described briey in (Barashenkovet al., |1990;
Prael et al.,|1998a) to calculate the mean-free-path length
for neutrons, protons, and light fragments up to “He. It
uses a parameterization based on a geometric cross sec-
tion for light fragments above “He. Implementing better
cross-section models in CEM, LAQGSM, and MCNP6
should yield improved results of particle spectra and total
production cross sections, among other quantities. We
demonstrate in the following sections that improving the
inverse-cross-section model in the preequilibrium stage of There are other total-reaction-cross-section models,
CEM, does indeed lead to the expected improvements.  such as those by Shen, et al.[ (Shert al., [1989), and

As discussed in the prior section, the extension of the Takechi, et al. (Takechi et al, [2009), among others
preequilibrium model to produce heavier clusters up to  (Barashenkov and Polanski, 1994; lidaet al., [2007; Inge+
28Mg yields good results for most reactions tested, with  [marsson and Lantz] 2003; Kalbach, 1998; Kot al.,[1987;
dramatically improved ability to produce energetic LF. Townsend and Wilsor),| 1988] Tsanget al., 1990). Both
However, for some reactions, while the results are im- the Shen model and the Kox model have projectile-target
proved, they are not as good as we wished. We chose to asymmetry, as discussed in Ref.| (Sihveet al. [2014b).
upgrade the inverse-cross-section models used in CEM Sihver et al. (Sihver et al [2014a) explore a new total re-
to calculate the emission widths (probabilities) in the  action cross section used in PHITS: the hybrid Kurotama
preequilibrium stage, in an attempt to further improve model. This model is a combination of the black-sphere
these results. As CEM is the default event generator model (lida et al.,|2007) and the NASA model (Tripathi
in MCNP6 in the intermediate-energy range, once these |et al,, /1996, 1997, 1999). Ref] (Sihveet al., [2012h) com-
changes are implemented into MCNP6, we see a corre- pares a number of dierent total-reaction-cross-section
sponding improvement in its results as well. models, most notably those in FLUKA, NASA, and sev-
eral other recently developed models.

PHITS uses the NASA model as its default, but the
Shen model can be speci ed as an option (Sihveet al.,
2012b). FLUKA uses a modied version of the NASA

The current inverse cross sections in CEM are taken Model (Andersen et al,, [2004). GEANT4 has the op-
from the Dostrovsky et al. model (Dostrovsky et al]  tion to use NASA, or a number of other models such as
1959). It is based on the strong-absorption model and those of Shen|(Sheret al., |1989) or Sihver (Sihveret al.,

its general form is as shown in Eq.). 1993), or f[he_Axen-We_IIisch (Wellisch an(_JI Axen, 1_9915)
parameterizations for high-energy hadronic interactions.

See Refs.|(Kol and Wright,|2013| Sihveret al., [2012a) for

_ o oa23 V. more details on the total-reaction- cross-section models
post = FoA™" j(1 ) (14)  used in PHITS, FLUKA, and GEANT4.

Krylov et al. (Krylov et al.,|2014) compare proton spec-

The Dostrovsky model was not intended for use above tra as calculated by GEANT4, SHIELD, and MCNPX
about 50 MeV/nucleon, and is not very suitable for emis- 2.6 for relativistic heavy-ion collisions. A better version
sion of fragments heavier tharfHe. Better total-reaction- of MCNP is now available, but these results demonstrate
cross-section models are available today, most notably the need for updated cross-section models within CEM,

the NASA model (Tripathi et al.,|1996, 1997, 1999). The LAQGSM, and MCNP6.

NASA (or Tripathi et al.) model is also based on the Mashnik et al. (Mashnik et al., 2007k, 2002) and Prael
strong absorption model and its general form is shown in et al. (Prael et al., |1998a,b) previously conducted an ex-
Eq. (15). The NASA cross section attempts to simulate  tensive comparison of the NASA (Tripathi et al., [1996,
several quantum-mechanical e ects, such as the optical [1997,/1999), Tsang et al.|(Tsanget al., |11990), Dostro-
potential for neutrons (with the parameter X,) and col-  vsky et al. (Dostrovsky et al., |1959), Barashenkov and
lective e ects like Pauli blocking (through the quantity Polanski (Barashenkov and Polanski| 1994), and Kalbach

1). (For more details, see Refs.|(Tripathi et al., 1996, (Kalbach| [1998) systematics for total reaction (nverse)
1997,/1999).) cross sections. These authors found that the NASA

. rg: a constant related to the radius of a nucleus;

: Ap: the mass number of the projectile nucleus;

. At the mass number of the target nucleus;

T: an energy-dependent parameter;

. R¢: a system-dependent Coulomb multiplier;

: By: the energy-dependent Coulomb barrier;

: Tem: the colliding system center-of-momentum energy;

: Xm: an optical model multiplier used for neutron-
induced reactions.

A. Background



model was superior, in general, to the other available
models. See Ref.|(Kerby and Mashnik| 2014; Mashnik
et al., [2007h, 2002] Praelet al} 1998a,b) for details of
these ndings.

B. Comparison of Total-Reaction-Cross-Section Models

In the original version of CEM03.03, we include the
NASA model (Tripathi et al.,[1996,/199V7, 1999) to de ne
the total reaction cross section, and use the Dostrovsky
model (Dostrovsky et al., |1959) as inverse cross sections
to calculate the preequilibrium decay. For the evapo-
ration model (described with the code GEM2 by Furi-
hata (Furihata, 2003), there is still a third set of inverse
cross sections used. We compare these approximations,
and the original Barashenkov and Polanski systematics
(BP) (Barashenkov and Polansk|,/1994) to experimental
data and to total cross sections used in the MCNP6 code
to calculate mean-free-path lengths, in the following two
gures. The MCNP6 total cross sections are based on
an updated version of the BP model (Barashenkowet al.,
1990; Praelet al., |1998a).

1. Neutron-Induced Reactions

Fig. [7] displays the total reaction cross section for n +
208pp, as calculated by the NASA, Dostrovsky, GEM2,
and BP, and MCNP6 models, compared to experimental
data (Beghian et al., |1966;| Beysteret al., (1955, 1956;
Bonner and Slattery, [1959;| Degtjarev,| 1965] Morrison,
1956, Pasechnik, 1955; Poze and Glazkpv, 1956; Strizhak,
1957;| Taylor and O. Lensp and T. Bonner| 1955; Walt
and Beyster,|1955).

We observe: 1) the Dostrovsky and GEM2 (also a
Dostrovsky-like model) both approach asymptotic values
at very low energies|thus they are not as useful at their
constant values for neutrons with energies much above
10 MeV, and 2) the NASA model, while much better
at predicting the total reaction cross section throughout
the energy region of the data, falls to zero at low energies
in the case of neutrons, which have no Coulomb barrier.
For this reason, we cannot use the NASA model as an
approximation for inverse cross sections in the case of
low-energy neutrons: neutrons are emitted with low en-
ergies, too. In the case of low energy neutrons, we use the
Kalbach systematics (Kalbach, 1998), which prove to be
a very good approximation for the inverse cross section of
low-energy neutrons, as discussed in Rei. (Mashniét al.,
2002) and in subsectior] IV.C.].

This problem of neutron cross sections was addressed
rst for the code CEM2k in Ref. (Mashnik et al., 2002),
by combining the NASA systematics by Tripathi, Cu-
cinota, and Wilson (Tripathi et all |1996,|1997, 1999)
and the Kalbach parameterization (Kalbach, 1998) into
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FIG. 7 Reaction cross sections as a function of neutron en-
ergy for n + 2%®Pb, as calculated by the NASA, Dostrovsky,

GEM2, and BP models. The black dots are cross sections
calculated in MCNP6, and the yellow circles are experimen-
tal data (see the text for references).

a FORTRAN routine called hybrid We address this
problem for the improved CEM03.03 code, which we call
CEMO03.03F, in a very similar way (see Ref. |(Kerby and
Mashnikl, 2014), which also shows other neutron-induced
reactions.)

2. Proton-Induced Reactions

Fig.8illustrates calculated total reaction cross sections
using the NASA, Dostrovsky, GEM2, and BP models,
compared to calculations by MCNP6 and experimental
data. The NASA model appears to be superior to the
Dostrovsky-like models.

Figs.[4 and[8, similar results on complex particles and
fragments heavier than“He in Figs.[d and[10, as well as
numerous gures published in Refs. (Kerby and Mashnik,
2015d; Mashniket al, |2007h, 2002; Praekt al.,|19984,b),
suggest the BP approximations also agree well with avail-
able data. For this reason, the BP parametrization was
chosen to be used for the calculation of the total reac-
tion cross sections in the transport code MCNP6. How-
ever, the numerous current comparisons for various re-
actions, as well as the voluminous results published in
Refs. (Mashnik et al., [2007h,[2002; Praekt al.,|1998a,b),
show that generally the NASA approximation agrees a



FIG. 8 Reaction cross section for p + 2C, as calculated by
the NASA, Dostrovsky, GEM2, and BP models. The black
dots are cross sections calculated by MCNP6, and the yellow
circles are experimental data (Carlson) 1996).

little better with most of the available experimental data
than does the BP systematics. Ref.|(Kerby and Mashnik,

2014) presents results of other proton-induced reactions.

3. Heavy-lon Induced Reactions

We had not previously tested how CEMO03.03 calcu-
lates inverse cross sections for LF heavier thafiHe. We
now address this. Fig[9 illustrates calculated total reac-
tion cross sections by the NASA, Dostrovsky, GEM2, and
BP models for the reactions + 28Sj and 6Li + 208Pb,
compared to experimental data.

Fig. [L] displays the total reaction cross section fot?C
+ 12C, as calculated by the NASA, Dostrovsky, GEM2,
and BP models and compared to experimental data and

to measured total charge-changing (TCC) cross sections.

TCC cross sections should be 5% 10% less than to-

tal reaction cross sections, as TCC cross sections do not

include neutron removal.

The NASA cross-section model ts the experimentally
measured data, in general, better than the other models
tested. See Ref.|(Kerby and Mashnik| 2014) for results
of other heavy-ion-induced reactions.

15

FIG. 9 Reaction cross sections for + 28Si and °Li + 2% Pb,
as calculated by the NASA, Dostrovsky, GEM2, and BP mod-
els. The yellow circles are experimental data (Baktybaev
et al., |2003; Ingemarssonet al., 2000;|Ugryumov et al., 2004,
2005; Warner et al., [1996).

C. Implementation of the NASA Cross Section Model into
CEMO03.03F

The implementation of the NASA cross section model
into CEM involved adding Kalbach systematics for low-
energy neutrons, updating the emission width calcula-



FIG. 10 Reaction cross section for!2C + 2C, as calculated by
the NASA, Dostrovsky, GEM2, and BP models. The yellow
circles are experimental data (Barashenkov, |1993; Mazarakis
and Stephens| 1973} Takechiet al., |2009) and the blue squares
are total charge-changing cross section (TCC) measurements
(Golovchenko et al., |2002;| Zeitlin et al., [2007).

tion, and upgrading the emitted-fragment kinetic energy
simulation.

1. Kalbach Systematics

We added in CEMO03.03F the Kalbach systemat-
ics (Kalbach|, |1998) to replace the NASA inverse cross
sections (Tripathi et al. 1996,/ 1997, 1999) for low-energy
neutrons, similar to what was suggested and done in
Ref. (Mashnik et al., [2002) for the code CEM2k. Fig.
displays the Kalbach systematics implementation for the
cross section n +2%8Ph. For around 24 MeV and below,
the calculation uses Kalbach systematics, and switches
to the NASA model for the rest of the neutron-energy
range. The Kalbach systematics are scaled to match the
NASA model results at the transition point so as not to
have a discontinuity.

As part of the Kalbach systematics implementation,
transition points and scaling factors must be obtained for
all possible residual nuclei, by mass number. Ref| (Kerby
and Mashnik, |2014) provides tables of these.

2. Calculation of the Emission Width, ;

CEM uses the inverse cross section,j"“’ , in determin-
ing what particles and/or fragments are emitted from the
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FIG. 11 Reaction cross section for n + 2% Pb, as calculated by
the NASA, NASA-Kalbach hybrid (black line), Dostrovsky,
GEM2, and BP models, as indicated. The black dots are cross
sections calculations by MCNP6, and the yellow circles are
experimental data from Refs. (Beghian et al., |196€; Beystel
et al.,|1955,/1956| Bonner and Slattery,|1959{ DegtjareV, 1966;
Morrison] 1956; [Pasechnik, |[1955;| Poze and Glazkov, 1956;
Strizhak] 1957} [Taylor and O. Lensp and T. Bonner, 1955;
Walt and Beyster,| 1955).

excited nucleus. We use the total reaction cross section as
the best approximation for this inverse cross section. The
emission width ;, or the probability of emitting frag-
ment type j , is calculated according to Egs. [(4 and ) for
nucleons. It is dependent upon /" (see more details in
Refs. (Gudimaet al.,|1983; Mashniket al.,[2008; Mashnik
and Sierk,|2012)).

The partial transmission probability j, or the proba-
bility that a particle or a fragment of the type | will be
emitted with kinetic energy T, as shown in Eq. @) is writ-
ten in its simplest form, as is valid for neutrons and pro-
tons only. An extension of Eq. (3) for the case of complex
particles and light fragments (LF) is (see Ref. (Gudima
et al., 11983)):

2s +1 ' (pi;0; T + B;
j(p;hsEST) = j]27~3 j<(p;h)%
)
!(p pj;h;E Bi T) inv
I (p; h;E) T
(16)
where
B V(2 J_)3=2

(s +1)(T + Bj)*™2. (17)

9= 423



See Ref. |(Wu and Chang| 1978) for details on Eq[(17).
j is the probability that the proper number of particle
excitons will coalesce to form a typej fragment (also
called in a number of our earlier publications; see,
e.g., Refs. (Betak,| 1975/ Blideanuet al., 2004;|Wu and

Chang,[1978)). It is the subject of Section V|.

In the standard CEMO03.03, the Dostrovsky form of the
inverse cross section is simple enough so that for neutrons
and protons this integral can be done analytically. How-
ever, for complex particles, the level density,! , becomes
too complicated (see details in Refs.| (Gudimeet al.,1983;
Mashnik et all, [2008; Mashnik and Sierk, 2012)); there-
fore, the integral is evaluated numerically. In this case,
a 6-point Gaussian quadrature is used when the exci-
ton number is 15 or less, and a 6-point Gauss-Laguerre
guadrature is used when the number of excitons is greater
than 15.

We adopt for CEM03.03F the NASA form of the cross
section for nucleons which is too complicated for ana-
lytic integration, so the integral is always calculated nu-
merically. We use an 8-point Gaussian quadrature when
the number of excitons is 15 or less, and an 8-point
Gauss-Laguerre quadrature when the number of excitons
is greater than 15. See Ref.| (Kerby and Mashnik, 2015d)
for details.

Better integration methods could be investigated at a
later time. However, these integration methods are suf-
cient because individual ; precision is not extremely
important for choosing what type of particle/LF | will
be emitted. In contrast to analytical preequilibrium mod-
els, the Monte-Carlo method employed by CEM uses the
ratios of ; to the sum of ; over all j. That is, if we
estimate all ; with the same percentage error, the nal
choice of the typej of particle/LF to be emitted as sim-
ulated by CEM would be the same as if we would calcu-
late all ; 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 signi cant di erence of the Dostrovsky in-
verse cross sections from those now used. The ratios of
the individual widths to the total width were approx-
imated better than each individual width, because the
errors in each channel have the same sign. This is illus-

trated in Figs. Bf L]

3. Kinetic-Energy Simulation

Once a fragment typej 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 ; distribution, Eq. (@, using the NASA cross
section as the ™.

The details of the NASA cross section can be found
in (Tripathi et al, {1999). The NASA inverse cross
sections contain dependences on both the lab-reference-
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frame kinetic energy (T) and the center-of-momentum-
reference-frame kinetic energy Tcm). The relativistic
transformation between the two is not trivial. The level
density, !, also contains T-dependences. Finally, as
noted above, for neutrons we use a NASA-Kalbach hy-
brid inverse cross section in place of the pure NASA ap-
proximation. To conclude, the energy-dependence of;
for the new inverse cross sections is very complicated,
as compared to that arising from the simple Dostrovsky
form used in the original CEM03.03. This a ects the
method we choose to appropriately sampleT; .

To sample T; uniformly from the ; distribution using
the Monte-Carlo method, we must rst nd the maxi-
mum of ;. In CEMO03.03, this is done analytically us-
ing the derivative of ; with respect to T;, due to the
simple nature of the energy-dependence in the Dostro-
vsky systematics. The NASA cross section energy depen-
dence is complicated; therefore, we nd the maximum of

i numerically using the Golden-Section method. This
also provides us the exibility to modify the cross-section
model in the future without needing to modify the kinetic
energy algorithm.

FIG. 12 The normalized probability of emitting a  SLi with
a given kinetic energy Ty , simulated using the Monte-Carlo
method according to Eq. (@ in the preequilibrium stage.
The circles are results from the old kinetic energy subroutine,
the squares are results from the new kinetic energy subroutine
using the Dostrovsky inverse cross sections, and the triangles
are from the new kinetic-energy subroutine using the NASA
inverse cross sections.

After nding the maximum value of ;, the kinetic
energy of the emitted fragment|j is uniformly sampled



from the ; distribution using the rejection technique
from a Gamma distribution (shape parameter = 2)
as the comparison function. Fig.[I2 illustrates results
for the probability of emitting °Li with a given kinetic
energy Ty . Probabilities from the ; distributions with
the NASA inverse cross sections di er slightly from those
with the Dostrovsky inverse cross sections primarily be-
cause the NASA Coulomb barriers are strongly based on
Tem, @s opposed toT .

D. Results

The results from the improved code are promising.
Fig. [L3 shows the double di erential cross section for the
production of Li and "Be from the reaction of 200-MeV
protons on %°Co.

The blue dashed lines are the extended preequilibrium
(Section [E results with the Dostrovsky inverse cross
sections, and the red solid lines are results by CEM03.03F
with the upgraded NASA-Kalbach hybrid inverse cross
sections. The green circles are experimental data from
Ref. (Machner et al., 2006). There is improved agree-
ment with data in the high-energy tails. This gure also
highlights the importance of eventually upgrading the in-
verse cross sections used in the evaporation stage of CEM
as well. The evaporation stage produces the peak of the
spectra, which for this reaction is too low, especially for
’Be. With the implementation of the NASA inverse cross
sections into the preequilibrium model we see improved
high-energy tails, but in order to achieve improved agree-
ment in the thermal region we need to implement the
NASA inverse cross sections into the evaporation stage.
We plan to do this in the future.

E. Conclusion

The inverse-cross-section approximation in the pree-
quilibrium and evaporation stages of CEM03.03 is based
on the Dostrovsky inverse cross sections. Better cross-
section systematics are now available. We compare sev-
eral inverse-cross-section models and nd that the NASA
(Tripathi, et al.) (Tripathi et al., 11996,/ 1997 1999) ap-
proximation is generally the most accurate when com-
pared with experimental data.

We implemented the NASA inverse-cross-section
model into the extended MEM; the upgraded code is
called CEMO03.03F. These results are promising and show
improved agreement with experimental data using the
NASA inverse-cross-section model compared to the orig-
inal Dostrovsky approximation.

There are several implications of this work for MCNP6.
CEMO03.03 is the default event generator in MCNP6 for
high-energy collisions induced by nucleons, pions, and
gamma rays at energies up to several GeV. Improvements
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to the CEM inverse cross sections should, therefore, re-
sult in improved predictions of particle spectra and total
production cross sections, especially above 100 MeV
and for fragments heavier than“He.

MCNP®6 uses the updated Barashenkov and Polanski
total-reaction-cross-section systematics to simulate the
mean-free path of neutrons, protons, and light fragments
up to “He. It uses a parameterization based on a geo-
metric cross section for fragments heavier tharfHe. It
is possible further improvement of MCNP6 could be ob-
tained by replacing the Barashenkov and Polanski model
with the NASA systematics and by replacing the geomet-
ric cross section approach with the better NASA model.
We hope to investigate this in the future.

Other recommendations include investigating adap-
tive quadrature and upgrading the inverse-cross-section
model used in the evaporation stage from the Dostro-
vsky/GEM2 approximations to the NASA-Kalbach hy-
brid cross sections.

V. COALESCENCE

In CEM there are three ways high-energy heavy clus-
ters can be produced: via coalescence, preequilibrium,
and Fermi breakup. In this section we study the im-
pact of extending the coalescence model to heavy clus-
ter emission. CEMO03.03, the event generator in MCNP6
for intermediate-energy nuclear reactions, is capable of
producing light fragments up to “He in its coalescence
model. We extend the coalescence model to be able
to produce up to "Be in CEM03.03F and up to *2C in
LAQGSMO03.03F.

A. Background

When the cascade stage of a reaction is completed,
CEM uses the coalescence model described in Ref.
(Schulz et al., |1983;| Toneev and Gudima/ 1983) to cre-
ate high-energy d, t, *He, and “He fragments by nal-
state interactions among emitted cascade nucleons out-
side of the target nucleus. The coalescence model used
in CEM is similar to other coalescence models for heavy-
ion-induced reactions. The main di erence is that in-
stead of complex-particle spectra being estimated by sim-
ply convolving the measured or calculated inclusive spec-
tra of nucleons with corresponding tted coe cients,
CEMO03.03 uses the calculated information about all
emitted cascade nucleons and does not use integrated
spectra. (Coalescence was introduced recently into the
Lege intranuclear cascade (INCL) (Boudard et al., |2013;
Cugnon et al., |[20114a; Lerayet al) [2014; Mancusiet al.,
2014); it is in a way similar to the coalescence consid-
ered by CEM as proposed in Ref. |(Schulzt al., |1983;
Toneev and Gudima,|1983), with the main contrast be-



19

200 MeV p + *Co — ...

I S

T (MeV)

o N & b s by L

FIG. 13 Double di erential cross section for the production of °Li and “Be from the reaction of 200-MeV protons + *°Co, for
the angles of 20, 45, 60, 90 , and 110 . The 110 spectra (the lowest sets) are shown unscaled, while the 90, 60 , 45 , and
20 spectra are scaled up by successive powers of 10, respectively. The blue dashed lines are the extended-MEM (CEMO03.03F)
results with the Dostrovsky inverse cross sections, and the red solid lines are results by CEM03.03F with the NASA inverse
cross sections. The green circles are experimental data by Machner, et al (Machneret al., |20086).

ing that INCL considers coalescence of INC nucleons on
the border of a nucleus, inside the target nucleus, while
CEM coalesces INC nucleons outside the nucleus.) We
assume that all the cascade nucleons having di erences
in their momenta smaller than p. and with the correct
isotopic content form an appropriate composite particle.
Each complex particle has its own empirical coalescence
radius pc, whose values in CEM03.03 are:

Incident energy, T, < 300 MeV or > 1000 MeV

pc(d) = 90 MeVic ;
pe(t) = pc(*He) = 108 MeV/cvector ;  (18)
pc(*He) = 115 MeV/c .
300 MeV < T < 1000 MeV
pe(d) = 150 MeV/c ;
pe(t) = pe(®He) = 175 MeVic ; (19)
pc(*He) = 175 MeV/c .

wheremyg is the rest mass of the nucleon. The momentum
vector is de ned from the magnitude of the momentum
and its spatial direction. Coalescence occurs if each nu-
cleon in the group hasj pj pc, where p is de ned
as the vector di erence between the nucleon momentum
and the average momentum of all nucleons in the group.

The coalescence model rst checks all nucleons to
form 2-nucleon pairs, their momenta permitting. It then
checks if an alpha particle can be formed from two 2-
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 3He. And lastly, it checks to see
if any of these three-nucleon groups (tritium or 2He) can
coalesce with another nucleon to form*He.

The extended coalescence model takes these two-
nucleon pairs, three-nucleon (tritum or SHe only)

When several cascade nucleons coalesce into compos-groups, and*He to see if they can coalesce to form heav-

ite particles, they are removed from the distributions of
nucleons and do not contribute further to such nucleon
characteristics as spectra, multiplicities, etc.

B. Coalescence Model Extension

The magnitude of the momentum, p, of each nucleon
is calculated relativistically from its kinetic energy, T:

p?’c® = KE (KE +2moc?); (20)

ier clusters. “He can coalesce with a 3-nucleon group to
form either “Be or “Li. Two 3-nucleon groups can coa-
lesce to form either®Li or ®He. And “He can coalesce
with a 2-nucleon pair to form either SLi or ®He. All co-
alesced nucleons are removed from the distributions of
nucleons so that the coalescence model conserves both
atomic and mass numbers.

For additional details of the extended coalescence
model, see Ref.|(Kerby and Mashnik| 2015a).



1. Coalescence Parametqr.

As mentioned in Section[V.A, p. determines how dis-
similar the momenta of nucleons can be and still coalesce.
p. was extended to also include a value for heavy clus-
ters, or light fragments (LF): pc(LF ). The new p.'s for
incident energies, T, less than 300 MeV or greater than
1000 MeV are:

p.(d) = 90 MeV/c ;
pe(t) = pe(®He) = 108 MeVic ; (21)
pc(*He) = 130 MeV/c .
pc(LF) = 175 MeV/c .
For 300 MeV < T < 1000 MeV they are:
pc(d) = 150 MeV/c ;
pe(t) = pe(®He) = 175 MeVic ; (22)
pc(*He) = 205 MeVic .
pe(LF) = 250 MeVi/c .

The p:(*He) was increased compared to the original
p. values. Too many alpha particles were lost (coalesced
into heavy clusters); therefore, we compensated by coa-
lescing more*He.

C. Results and Analysis
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FIG. 14 Comparison of experimental measurements of the re-
action 480 MeVp+ " Ag! SLiat60 by Green etal. (Green
et al., 11984) (green circles), with simulations from the original
CEMO03.03 (brown dashed-dotted lines), CEM03.03F without
the coalescence extension (blue solid lines) and CEM03.03F
with the coalescence extension (red dashed lines).

Fig. displays experimental measurements of the re-
action 480 MeV p + "™ Ag | SLj by Green et al. (Green
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et al.l [1984) (green circles), compared with simulations
from CEMO03.03F without the coalescence extension (blue
solid lines), CEM03.03F with the coalescence extension
(red dashed lines), and the original CEM03.03 (brown
dashed-dotted lines). Even without the coalescence ex-
tension, CEM03.03F (which contains the extended pree-
quilibrium model and the total-reaction-cross-section im-
provement) yields much better results than CEM03.03
without these improvements. Adding the coalescence ex-
tension produces even better results.

This reaction also highlights how coalescence can pro-
duce heavy clusters not just at high energies, but also
at low and moderate energies, thus improving agreement
with experimental data in all these energy regions.

Similar results for many other reactions induced by
protons, neutrons, and heavy ions, where the last are
simulated with a similarly extended LAQGSMO03.03F,
are described in Ref. |(Mashniket al., 2015) and further
discussed in Refs.|(Kerby, 2015b; Kerby and Mashnik,
2015a,c¢| Mashnik and Kerby, 2015; Mashnilet al., [2015).

D. LAQGSM

LAQGSM is a powerful predictive tool for heavy-ion-
induced reactions and/or nuclear reactions at very high
energies ¢ several GeV/nucleon). Several results of
LAQGSMO03.03, the default event generator in MCNP6
for these types of reactions, are shown in Figs$. 15 ar{d [L6.

10
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FIG. 15 Measured cross sections for*®Ca fragmentation on
°Be at 140 MeV/A (Mocko, |2006;| Mocko et al.| [2006) (open
circles) compared to LAQGSMO03.03 predictions solid lines.

Fig. shows an example of product yields measured
by Mocko, et al. (Mocko, |2006; Mockoet al., [2006) from
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FIG. 16 Experimental (Heilbronn et al., [2007; |Nakamura
and Heilbronn, 2006) neutron spectra from 400 MeV/A **N
+ 'C (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).

the fragmentation of “4Ca on °Be at 140 MeV/nucleon.
Many more similar results for other reactions can be
found in (Mashnik et all |2007a).

Fig. displays experimental (Heilbronn et al.,
2007; Nakamura and Heilbronn,| 2006) neutron spectra
from 400 MeV/A '*N + '°C, compared with calcu-
lations by the production version of MCNP6 and the
LAQGSMO03.03 event generator used as a stand-alone
code. Such data are of signi cant interest for applications
related to cancer treatment with carbon beams, and most
of the neutron spectra from such reactions were measured
at the Heavy-lon Medical Accelerator in the Chiba (HI-
MAC) facility of the Japanese National Institute of Radi-
ological Science (NIRS). We obtained similar agreement
by LAQGSM and by MCNP6 using LAQGSM for many
other similar reactions, at di erent incident energies and
for di erent projectile- target nuclear combinations (see
Ref. (Mashnik, 2014)).

In CEMO03.03F we extended the coalescence model to
account for heavier fragments up to’Be. As CEM is re-
stricted to simulate only particle-induced reactions, and
only at energies below about 5 GeV, such an extension
of the coalescence model may be good enough. But as
LAQGSM is used to calculate also reactions induced by
heavy ions, and at much higher incident energies, where
the mean multiplicities of the secondary nucleons and LF
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are much higher than for reactions simulated with CEM,
we need to extend the coalescence model in LAQGSM
for even heavier LF up to *2C. Table [Il]shows the LF we
produce via coalescence in LAQGSMO03.03F, and the real
channels (modes) we consider to form each LF.

Fig. provides an example of some preliminary re-
sults for the case of fragment-production cross sections
as functions of mass number, measured by Jacak, et
al.,, at the LBL BEVALAC (Jacak et al), 1987), for
137 MeV/nucleon beams of*°Ar bombarding 1°’ Au tar-
gets, compared to LAQGSMO03.03F results obtained with
the extended coalescence model (green stars). There is
reasonable agreement with experimental data for mass
numbers up to A 12, except for A 9. The
LAQGSMO03.03F coalescence extension is still a work in
progress.

“OAr(137 AMeV) + '9"Au
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FIG. 17 Measured cross sections for fragments produced in
137 MeV/IA “°A + 197 Ay reactions (Jacak et al.| [1987) (black
circles) compared to LAQGSMO03.03F predictions (green
stars).

E. Conclusion

Extending the coalescence model within the CEM
yields increased production of heavy clusters in nuclear
spallation reactions, particularly in the high-energy re-
gion, but also in the low- and moderate-energy regions.
Results indicate this coalescence extension yields im-
proved agreement with experimental data. These up-
grades were recently implemented into and tested in
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TABLE Il Coalescence channels (modes) for LF produced in the extended coalescence model in LAQGSMO03.03F.

Name A Z Pe Channels (Modes)
(MeV/clA)
d 21 90 p+n
t 31 108 d+n
He 3 2 108 d+p
‘He 4 2 115 SHe+tn t+p d+d
He 6 2 150 t+t
5Li 6 3 150 t+3He “He+d
Li 7 3 150 t+*He SLi+n
8Li 8 3 150 Li+n  SHe+d
°Li 9 3 150 8Li+ n  ®He+t
‘Be 7 4 150  3He+%He SLi+p
°Be 9 4 150 8Li+p  “Li+d
1°Be 10 4 150 °Be+n BLi+d
B 105 150 °Be+p ’Li+ ®He SLi+ “He
1B 115 150 YB+n  °Bet+d ’Li+ *He
2g 12 5 150 1B+n 1°Be+d 8Li+ *He
c 116 150 YB+p "Bet+*He
2c 12 6 150 nc+n YB+p °B+d °Be+3He SLi+ SLi

MCNP6 and will be described in a later section. Pre-
liminary results from extending the coalescence model in
LAQGSMO03.03F also yield promising results.

We recommend further improvement of the coalescence
model in the CEM, to include more heavy clusters, such
as 8Li and °Li, etc. The coalescence model favors the
formation of neutron-rich heavy clusters for heavy tar-
gets, due to the presence of more neutrons than protons
produced in the INC. We expect that the predictions for
the spectra for these neutron-rich heavy clusters could
be improved by such a coalescence extension. In this
further improvement of the coalescence model, we also
recommend including the Coulomb barrier, now ignored,
to limit low-energy production.

VI. PREEQUILIBRIUM | i MODEL

After the extension of the preequilibrium model to al-
low emission of light fragments up to 2®Mg, the imple-
mentation of the NASA-Kalbach total reaction cross sec-
tions into the preequilibrium stage as inverse cross sec-
tions, and the extension of the coalescence model, we
turned our attention to recalibrating ;. This involves
the re- tting of all available reliable experimental data.
We have concluded this process for most available proton-
induced and neutron-induced reactions.

The condensation probability, ;, is an important
quantity in the preequilibrium stage of nuclear spalla-
tion reactions. It represents the probability that p; ex-
cited nucleons (excitons) will condense to form a complex
particle of type j in the excited residual nucleus. It has a

signi cant impact on the emission width, or probability
of emitting a fragment of type j from the residual nucleus
(Betak| 1976; Cline, 1972| Ribanskyet al.,1973). In this
section we explore the formulation of a new model forj,
one which is energy-dependent, and which provides im-
proved ts compared to experimental fragment spectra.

A. Background

CEMO03.03F considers the possibility of fast heavy clus-
ter emission at the preequilibrium stage of a reaction, in
addition to the emission of nucleons and light fragments
up to “He, according to Egs. (4) and [1§). We assume
that in the course of a reactionp; excited nucleons (exci-
tons) are able to condense with probability ; forming a
complex particle which can be emitted during the pree-
quilibrium stage. The condensation probability ; could
be calculated from rst principles, but such a calculation
is not feasible given practical Monte-Carlo computational
time limitations. ; is, therefore, estimated as the over-
lap integral of the wave function of independent nucleons
with that of the complex patrticle (see details in (Gudima
et al [1983)), as shown in Eq.[(6) and repeated here:

PP EAR T (23)
This is a rather crude estimate. As is frequently done
(see e.g., Refs.|(Blideanuet all [2004;|Wu and Chang,
1978)), the values of ; are taken from tting the theo-
retical preequilibrium spectra to the experimental ones.



In CEM, to improve the description of preequilibrium
complex-particle emission, we estimate ; by multiply-
ing the estimate provided by Eq. ) by empirical coef-
cients Fj(A;Z;To), whose values are tted to available
nucleon-induced experimental complex-particle spectra.
Therefore, the new equation for ; using this empirical
coe cient is

pJ Pj

A
Values ofF; for d, t, *He, and“*He need to be re- t after

=R (24)

the upgrades to the inverse-cross-section and coalescence

models, and values ofF; need to be obtained for heavy
clusters up to Mg, once the model is extended to emit
these heavy clusters.

Previously, ; had been formulated with no energy
dependence |(Betak, 1976, Cline| 1972; Ribansky and
Oblozinsky, |1973). However, we expect energy to be the
largest e ect on the model for F;. The importance of |
can be seen in the calculation of the emission width, ;,
for complex fragments, represented by Eqs.@4) an6).
The value for ; directly impacts the emission width,
which in turn determines the amount of fragment pro-
duction.

B. Statistical Analysis

An increase or decrease ifr; generally leads to an in-
crease or decrease in the emission of fragment typge
especially in the high-energy tails. We t these values of
F; so that CEM03.03F results match experimental data
as closely as possible. Th&; values obtained for several
hundred reactions, are available in Ref. |(Kerby,| 2015p).
The results for predicted fragment spectra using these t-
ted F; values were plotted and compared to experimental
data and calculated results from the original CEM03.03,
for the several hundred reactions tted, and are available
in (Kerby and Mashnik, 2015b). We do not show them
here to conserve space.

We analyze the complete data set with the statistical
programming languageR (Venableset al.,[2015). We rst
look at F; values for proton-induced reactions. Fig[IB
displays values ofF; as a function of incident proton
energy. Two e ects are apparent. First, F; appears
to have an exponentially decreasing energy dependence,
at least up to very roughly 1 GeV proton energy. This
saturating energy dependence for higher energies makes
sense, considering the physics of the reactions. Thi;
model depends on the incident energy of the incoming
proton, not the excitation energy of the residual nucleus
at the time of the preequilibrium decay. As the energy
increases, eventually most of the additional energy in the
system leads to emission of more cascade particles, with
the energy remaining in the composite system at the be-
ginning of the preequilibrium decay, apparently reaching
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FIG. 18 Values of F; as functions of incident proton energy
(MeV).

a limiting value, as seems to be re ected in the approx-
imate constancy of the values offF; above about 1{15
GeV. This idea is analogous to ‘limiting fragmentation’
(Beneckeet al |1969;| EI-Nagdy et al., |2013). In addi-
tion, CEM accounts for the INC, preequilibrium, evap-
oration/ ssion, Fermi break-up, and coalescence mech-
anisms of reactions, but does not account for pick-up
and knock-out (direct) reactions. Direct-reaction mecha-
nisms are especially important at low energies; therefore,
the increase inF; at lower incident energies can be par-
tially attributed to compensating for this physics miss-
ing in CEM. Furthermore, CEM does not include most
nuclear-structure e ects, also important at low energies
for some reactions. Finally, CEM, like any model sim-
ple enough to be practical as a nuclear event generator
in a transport code, will miss some aspects of the rele-
vant physics. For these reasons, we need to look at the
model for ; in CEM pragmatically, understanding that
in some energy/target-size regions, it will not have ex-
actly the right meaning of the condensation probability,
also containing a component approximating physics not
directly modeled in CEM.

The second e ect in Fig.[1§ is the presence of “stacks'
of F; values at each energy; these correspond to dier-
ent target sizes and di erent emitted fragment sizes; this
meansF; is also dependent on the target and emitted
fragment, in addition to the incident energy.

Fig. displays F; values as functions of both energy
and target mass number. We restricted this plot to F;
values< 1000, as there are some very large values &
at low energies, which, if included would make it di cult
to see any patterns. Some sense of the target-size depen-
denceF; appears, but it is still somewhat obscured by



including all di erent emitted fragment sizes.

FIG. 19 Values of F; as a function of the incident proton
energy (MeV) and mass number of the target.

We also plot in (Kerby, 20158) F; as a function of
target size for each emitted fragment type; a sample plot
for ®Li is shown in Fig. . In these plots,F; appears to

decrease as target size increases. Such a conclusion is due

to all di erent incident energies being included. As we
will show, the incident energy is the dominant variable in
F;; therefore, by including all incident energies, we ob-
scure any valid conclusions about variables of secondary
importance.

FIG. 20 Values of F; for the emitted fragment ©Li for all
energies as a function of target mass number.

Plotting F; as a function of both incident energy and
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target size for each individual emitted fragment leads to
the emergence of a dierent pattern; namely, that F;
increases as target size increases (see 22, with simi-
lar plots for di erent fragments available in Ref. (Kerby,
2015h)).

We have established thatF; is dependent upon inci-
dent energy, target size, and fragment size. We assume
for mathematical simplicity that the dependencies on in-
cident energy and target size are separable, and that the
target-size dependence is independent of fragment size.

1. Fragment-Speci c F;
We then assume anF; model which has the form

Fi(TosAjsZjs Al = T (Tos Aj3 Zj)a(Ad); (25)
where Ty is the incident energy of the projectile (MeV),
A; is the mass number of the emitted fragment of typej ,
Z; is the atomic number of the emitted fragment of type
j, and A; is the mass number of the target nucleus.

A simple exponential decay describeg(A) quite well.
We de ne it so that it is valid for all A; < 300. Unsur-
prisingly, a suitable model for the three-variable function
f (To; Aj; Zj) proves more dicult to obtain. All com-
mon distributions have been tested and none of them are
able to describe both the low-energy and high-energy de-
pendencies ofF;. We therefore used one function (an
exponential decay) to describe the energy dependence at
low energies, and a £T, form to describe the depen-
dence at high energies. For the 2T, term, we rather
arbitrarily add 100 to the denominator T, to ensure no
singularities in the range of conceivable energies. These
two di erent energy dependencies make sense considering
the previous discussion about CEM lacking some impor-
tant physics in the low-energy region, and therefore the
F; model is compensating for missing physics in that re-
gion. In the higher-energy region, the CEM is reliable
enough. We also nd that for lighter LF ( *He and be-
low), dependence on target size disappears. Equations
for some of the lighter speci ¢ fragment types for which
there is su cient data are displayed in Eq. 6]

Examples of ts are shown in Figs.[2]1 and 2P. More
results are available in (Kerby,|2015a).

2. Neutron-Induced Reactions

After obtaining a fragment-specic F; model for
proton-induced reactions, we next consider neutron-
induced reactions. There is less experimental data avail-
able for neutron-induced reactions, due to the di culty
of conducting these experiments. There is also no exper-
imental data on the emission of light fragments heavier
than “He, in an energy range of interest for this paper.
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Therefore, for LF heavier than “He, we use the fragment- 5000
speci ¢ F; model developed for proton-induced reactions Fipye =500e T0720 + 051 100"
0

as a rst guess. TheF; equations for d, t, *He, and *He
for neutron-induced reactions are presented in Eq[ 37,
and are similar to the respectiveF; equations obtained
for these emitted fragments for proton-induced reactions.

Examples of these ts compared to data can be found
in Ref. (Kerby, 20153).



FIG. 22 Fitted values of F; (upper plot) and the F; model
(lower plot) for "Be fragments as functions of incident proton
energy (MeV) and the target mass number.

3. GeneralF; Model

In studying the fragment-speci ¢ equations for F; in
Eq.[26, a pattern quickly emerges. Heavy clusters can be
nicely generalized as approximately Eq[ 28:

_ 2(4)
. . . — A To=20
Fj (TQ,A]’ ,Zj ,At) = 7800(25) e 0 + m

300 Ay
e ~ 1o
= Aj (Zj 3):

(28)
This general form is used for heavy clusters for which

we do not have sucient data: 8He, 11:12Be, 813pB,
10:11141516 ¢ and all fragments with Z 7 (up to 22Mg).
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FIG. 23 Comparison of experimental data by Budzanowski,

et al. (Budzanowski et al.,[2010) (green circles) to results from
CEMO03.03F with the tted F; values (blue solid lines) and to
CEMO03.03F with the F; model (red dashed lines) for 2500

MeVp+ " Ni! “He/Be.

Recall that ; can theoretically be calculated from rst
principles, but that this is too computationally time-
consuming. We then wish to obtain a ; model that is
both reasonably accurate and computationally fast. This
F; model (and therefore, ; model) accomplishes both of
these; it is computationally simple and very fast, and
it provides reasonably accurate fragment spectra when
compared to experimental results.

C. Spectra with Fitted F; Compared to
Spectra from the F; Model

For the large majority of reactions tested, the predicted
fragment spectra using theF; model were very similar to
the predicted fragment spectra using the tted F; val-
ues. Fig.[23 gives an example, comparing results from
the F; model to those from the tted F; values. Many
more comparisons can be found in| (Kerby, 2015a; Kerby
and Mashnik, |2015b). Oftentimes theF; model leads to
slightly softer spectra; usually giving an improved match
to data compared to the model with tted F; values.

There were a handful of reactions for which the pre-
dicted spectra of a few particular fragment types varied
signi cantly, speci cally for the emission of heavier clus-
ters with A 8 from reactions with low incident energies
and heavy targets. For an example of this, we show the
spectra of8Li in Fig. While the discrepancy is signif-
icant, it is not always negative, as sometimes the tted
values were overt (meaning that the t compromised
accuracy in the high-energy tails to achieve a higher low-
energy peak; however, a more productive way to address



FIG. 24 Comparison of experimental data by Machner,
et al. (Machner et al. [2006) (green circles) to results
from CEMO03.03F using tted F; (blue solid lines) and to
CEMO03.03F using the F; model (red dashed lines) for 200

MeV p+ *7Au | BLi.

this is to retain accuracy in the high-energy tails and
upgrade our evaporation model to attain an improved
prediction at the peak). We believe this di erence is due
to several factors. First, the extended coalescence model
emits heavy clusters up toA = 7; this leads to a jump
in the tted F; values for emitted heavy clusters with
A > 7 as it is compensating for the lack of coalescence
emission, compared to those withA 7. However, as
the F; model is a smooth model, it cannot completely
account for this jump. We expect that extending the
coalescence model to larger fragments will reduce this ef-
fect. In addition, while we assumed for simplicity that
the target-size dependence was independent of the frag-
ment size and the incident energy, this is not strictly
the case. The target-size dependence does, in fact, be-
come more pronounced with increasing fragment size. We
excluded target-size dependence from emittedHe and
lighter fragments, and included this term for heavier clus-
ters, to partially account for this. However, the greater
the fragment size, the less valid this constant-target-size
assumption becomes. Lastly, the target-size dependence
also does vary with the incident energy (contrary to our
assumption), becoming more signi cant at lower incident
energies and less signi cant at higher incident energies.
Thus, for the emission of heavier clusters at low incident
energies on heavy targets, we expect a “perfect storm' of
factors to create signi cant discrepancies between the-;
model and the tted F; values. However, since this dis-
crepancy is not always negative, it sometimes leads to ei-
ther improved ts with experimental data or to more nat-
ural spectra. Furthermore, the 8Li spectrum of Fig.
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demonstrate the need to upgrade the evaporation model,
as it primarily produces the peak of the spectrum, which

is too low for this reaction. We hope to do this in the

future.

D. Conclusion

While ; can be theoretically calculated from rst prin-
ciples, this is too computationally time-consuming. We
therefore wish to obtain a ; model that is both reason-
ably accurate and computationally fast. The F; model
(and therefore, ; model) accomplishes both of these: it
is computationally simple and very fast, and it provides
reasonably accurate fragment spectra when compared to
experimental results.

This ; model is speci cally designed for use in CEM,
taking into account the reaction mechanisms used (or
not used) in CEM. However, this model could be useful
in other nuclear spallation codes and models, especially
for heavy cluster production, with proper readjustment
of some parameters.

In conclusion, this ; model provides better agreement
with experimental data than the old interpolation ts
used in CEMO03.03, especially for heavy-cluster spectra.
We plan to apply this to LAQGSM as well, and discuss
implementation into MCNP6 in Section VIIT.]

VII. TESTING THE PREDICTIVE POWER OF
CEMO03.03F

Results of the upgraded CEMO03.03, called
CEMO03.03F, are shown in this section and in Sec-
tion VIIT,]and are compared to the original CEM03.03
and to experimental results. The most important tests
of CEMO03.03F are of its predictions for reactions not
used in tting or previously considered in the upgrades.
These non tted results are shown in Sectiong VIL.G and
To be clear, the CEM03.03F referred to in this
section includes the extended modied exciton model,
the upgraded NASA-Kalbach inverse cross sections
within the preequilibrium stage, the extended coalesence
model, and the new ; model. (The cut-o for Fermi
breakup was left at Apermi = 12.) For more details on
these upgrades, see Refs| (Kerby and Mashnik, 2014,
20154.h,¢,d; Kerby et al., [20144,b; Mashnik and Kerby,
2014).

A. Fragment Spectra for Proton-Induced Reactions

Double di erential cross section spectra for several re-
actions are plotted in Figs.[23{27, comparing experimen-
tal data with results from CEM03.03 and CEMO03.03F for
proton-induced reactions. Similar results from MCNP6
are presented in Sectiof VII|. Still more extensive results



are found in Ref. (Kerby, 2015h). CEMO03.03F, in gen-
eral, has improved results over the original CEM03.03,
especially for heavy-cluster spectra.

FIG. 25 Comparison of experimental data measured by
Machner, et al. (Machner et al.| 2006) (green circles) to re-
sults from CEMO03.03 (blue solid lines) and from CEMO03.03F

(red dashed lines) for 200 MeV p + 2’Al | *®He at 60 .

Fig. shows the results for 200 MeV p +2Al !
46He at 60 compared to experimental data by Machner,
et al. (Machner et all, [2006). The *He spectrum demon-
strate that CEM03.03F achieves increased production of
heavy clusters without destroying the established spectra
of nucleons and light fragments up to*He (in this partic-
ular case only*He), while in some cases it even achieves
improved results for nucleons and light fragments up to
4He. The spectrum of ®He from CEMO03.03F shows a
signi cant improvement.

Fig. illustrates calculated results for 200 MeV p
+ %Co ! °Li at 60 , compared to experimental data
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FIG. 26 Comparison of experimental data from 200 MeV p

+ %Co ! °Li measured by Machner, et al. (Machner et al.l
2006) (green circles) to results from CEMO03.03 (blue solid
lines) and from CEMO03.03F (red dashed lines).

measured by Machner, et al. (Machneret al., |2006).
This gure demonstrates results for a rare, neutron-rich
lithium isotope. There is dramatic improvement in the
production of high-energy°Li with CEM03.03F. This g-
ure again highlights the need to improve the evaporation
model, as the low-energy cross-section peak, produced
largely by evaporation, is too low.

Fig. 27 shows calculated results for 1200 MeV p +
mtNj I 7Lj at 15.6 , compared to experimental data
measured by Budzanowski, et al. |((Budzanowskiet al.,
2010). CEMO03.03F reproduces the experimental data
signi cantly better than does the original CEM03.03.

B. Fragment Spectra for Neutron-Induced Reactions

Figs. [28{30 compare examples of experimental data
to results from the unmodied CEMO03.03 and from
CEMO03.03F for neutron-induced reactions. CEM03.03F
generally has very similar results for the spectra of emit-
ted fragments up to *He. Since there are no experimen-
tal data for heavier clusters, we cannot evaluate the im-
proved model. However, CEM03.03F gives results that
are at least no worse than the current CEM03.03. More
results are available in Ref. (Kerby, 2015b).

Fig. displays the calculated results for 96 MeV n +
nty 1 pat 20, compared to experimental data mea-
sured by Blideanu, et al. (Blideanu et al., [2004). This
gure illustrates the consistency between results from
CEMO03.03F and CEMO03.03 for nucleons, which we also
nd in other reactions for light fragments no heavier than
“He. Fig.[29 demonstrates this for 317 MeV n +209B; !



FIG. 27 Comparison of experimental data for 1200 MeV p
+ M™UNj 1 7Li at 15.6 , measured by Budzanowski, et al.
(Budzanowski et al., |2010) (green circles) to results from
CEMO03.03 (blue solid lines) and to those from CEMO03.03F
(red dashed lines).

FIG. 28 Comparison of experimental data measured by
Blideanu, et al. (Blideanu et al., |2004) (green circles) to re-
sults by CEM03.03 (blue solid lines) and to CEM03.03F (red

dashed lines) for 96 MeV n+ "™ U ! pat 20 .

at 54 , with experimental data measured by Franz, et al.
(Franz et al} |1990). These two gures illustrate that the
improved production of heavy clusters in CEM03.03F has
not destroyed the spectra of particles and light fragments
of mass 4 and below.
Fig. B0 shows the results for 542 MeV n +" Cu !

6Li at 68 . This gure is a rst test of the modeling of
the production of heavy clusters from neutron-induced
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FIG. 29 Comparison of experimental data measured by
Franz, et al. (Franz et al., |1990) (green circles) to results
from CEMO03.03 (blue solid lines) and from CEMO03.03F (red
dashed lines) for 317 MeV n + ®Bi | tat54 .

FIG. 30 Comparison of predicted spectra of 542 MeV n +

ntcyt SLiat68 from CEMO03.03 (blue solid lines) and from
CEMO03.03F (red dashed lines).

reactions in CEM03.03F. We hope to be able to compare
predictions to other experimental data of heavy-cluster
spectra from neutron-induced reactions in the future.
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FIG. 31 Comparison of experimental data from Schumacher,
et al. (Schumacher et al.;|1982) ( lled symbols) to results from
the unmodi ed CEMO03.03 (green solid lines) and to those
from CEMO03.03F (red dashed lines) for 300 MeV  + " Cu
! pat45,90, and 135 .

C. Fragment Spectra from - and -Induced Reactions

Figs. [31{39 compare examples of experimental data
to results from CEM03.03 and CEMO03.03F for - and -
induced reactions. CEMO03.03F generally is little di erent
from CEMO03.03 for the spectra of emitted fragments up
to “He, and as there is no appropriate experimental data
for emitted heavier clusters, we cannot evaluate the im-
proved model for heavy clusters for these non-nucleonic
projectiles. However, the upgraded code, while now able
to predict the emission of the heavier clusters, gives very
similar results to the original for nucleons and clusters
with fewer than ve nucleons.

Fig. 31 shows the results for 300 MeV + "™ Cu! p
at 45, 90, and 135 compared to experimental data by
Schumacher, et al. (Schumacheet al., [1982). This gure
illustrates the consistency of CEM03.03F and CEM03.03
for spectra of “He and lighter fragments for -induced
reactions.

Fig. B2 shows the model results for 1500 MeV * +
ntFe!l nat30, 90, and 150, compared to experimen-
tal data from Nakamoto, et al. (Nakamoto et al., |1997).
This gure provides an example of the consistency be-
tween CEMO03.03F and CEMO03.03 for spectra of He and
lighter fragments for -induced reactions.

D. Product Yields

Fig. B3 shows the measured (Benlliureet al/, [2001; Re}
imund et al., 2001) mass and charge distributions of the
product yields from the reaction 800 MeV p + 19Au,
and of the mean kinetic energy of these products, and
the mass distributions of the cross sections for the pro-
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FIG. 32 Comparison of experimental data from Nakamoto, et
al. (Nakamoto et al.,|1997) ( lled symbols) to results from the
unmodi ed CEMO03.03 (blue solid lines) and to CEM03.03F
(red dashed lines), for 1500 MeV * + ™ Fe! nat30 , 90,
and 150 .

duction of thirteen elements with atomic number Z from
20 to 80, compared to predicted results from the orig-
inal CEM03.03 and from CEMO03.03F. The results are
essentially identical for the two code versions for these
observables.

Fig. B4 shows the measured (Bernast al., [2003; Taieb
et al., 2003) mass and charge distributions of the prod-
uct yields from the reaction 1000 MeV p + " U, and
of the mean kinetic energies of these products, com-
pared to results from the unmodi ed CEM03.03 and from
CEMO03.03F. The results are essentially identical for the
two code versions for these observables.

Fig. B5 shows the measured|(Fomichewt al) [2005;
Tarro et al.,|2011) ssion cross sections for n + Bi, com-
pared to results from CEM03.03 and from CEMO03.03F.
CEMO03.03F agrees reasonably well with these new data
on n + Bi ssion cross sections, and even shows an im-
provement around energies of 100 MeV. But, because
CEMO03.03F considers emission of LF at the preequilib-
rium stage, the mean values of A, Z, and E of the ssion-
ing nuclei di er somewhat from the values in CEM03.03;
therefore, to improve the description of ssion cross sec-
tions, and of the yield of ssion fragments, a re tting of
the energy-dependentas =a, parameters in CEM03.03F
would be desirable. All details on the RAL and GEM2
codes and all formulas used in them to calculate s can
be found in Refs. (Atchison, 2007; Furihata,| 2000). We
mention here only that in the case of subactinide nu-
clei, the main parameter that determines ssion cross
sections calculated by GEM2 is the level-density param-
eter in the ssion channel, a; (or more exactly, the ra-
tio ar =a,, where a, is the level-density parameter for
neutron evaporation). The task of improving the ssion
model of CEMO03.03F is outside the scope of this paper,
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FIG. 33 Comparison of measured (Benlliure et al., [2001;|Rejmund et al., |2001) mass and charge distributions of the product
yields from the reaction 800 MeV p + *°/Au, and of the mean kinetic energies of these products, and the mass distributions
of the cross sections for the production of thirteen elements with the atomic number Z ranging from 20 to 80 (open symbols),
with predicted results from the original CEM03.03 (solid lines) and from CEMO03.03F (dashed lines).

but we hope to perform this e ort at a later time, to
further improve CEMO03.03F.

E. Computational Time Considerations

As CEMO03.03 is the default event generator within
MCNPS, its ability to run simulations quickly is impor-
tant. We tested the impact of the upgrades on compu-
tation time with each incremental upgrade, and found

either no signi cant increase or only a small increase in
computation time. We test the cumulative e ect of all of
the upgrades on computation time in this section.

Adding all of the upgrades increases the computation
time by approximately one-third, depending upon the in-
cident energy and target nucleus. Considering the com-
prehensive nature of the upgrades, and the dramatic im-
provements made to the production of heavy clusters,
this seems to be a relatively small increase.

If the production of energetic heavy clusters is not
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FIG. 34 Comparison of measured (Bernaset al., [2003;| Taieb et al., 2003) mass and charge distributions of the products from the
reaction 1000 MeV p + " U, and of the mean kinetic energies of these products (colored circles), to results by the unmodi ed
CEMO03.03 (red solid lines), and to CEM03.03F (blue dashed lines).

FIG. 35 Comparison of measured (Fomichev et al., [2005;
Tarro et al.l [2011) ssion cross sections for n + Bi (sym-
bols) to results from the unmodi ed CEM03.03 (green solid

lines) and from CEMO03.03F (red dashed lines).

needed, the variable npreqtyp in the CEMO03.0F input

le can be set to 6 (which means to include only frag-
ments up to *He) instead of 66 (up to 2®Mg). A sim-
ilar ag could be created to control the use of the ex-
tended coalescence model. Such features would eliminate
most of the computational-time increase of CEM03.03F,
for simulations unconcerned about heavy-fragment pro-
duction. The upgraded NASA-Kalbach inverse-cross-
section model and the revised ; model would remain
implemented, but these require very little extra com-
putational e ort. A similar method of turning o the
computationally-expensive extensions has been imple-
mented within MCNP6, as discussed in the next Section.

F. Conclusions

The goal of producing energetic light fragments with a
new version of CEM03.03, called CEMO03.03F, has been
successfully accomplished by extending the modi ed ex-
citon model and the coalescence model. We further im-
proved the results by upgrading the inverse-cross-section
model in the preequilibrium stage to the NASA-Kalbach
hybrid model. We also created a model for ; which af-
fords greater exibility and predictability.



CEMO03.03F has been tested on proton-, neutron-,
gamma-, and pion-induced reactions and in general leads
to better or at least no worse results compared to the
standard CEM03.03. In the case of heavy-cluster produc-
tion, CEMO03.03F generally far outperforms CEM03.03.
The increase in computation time for CEM03.03F is rea-
sonable (about one-third longer).

Goals for future work include upgrading the evapora-
tion model used in CEM, which includes implementing
the NASA-Kalbach inverse cross sections into the evapo-
ration stage, extending the coalescence model further to
include fragments with A 8,and nally, after imple-
menting these changes, to ret the ssion level-density
parameters, which will need to be modi ed, after these
proposed changes.

VIII. IMPLEMENTATION INTO MCNP6

MCNP6 (Monte Carlo N-Particle transport code,
version 6) (Goorley et all [2012) is a general-
purpose, continuous-energy, generalized-geometry, time-
dependent, Monte-Carlo radiation-transport code de-
signed to track many particle types over broad ranges of
energies. Application areas include, but are not limited
to:

Radiation protection and dosimetry;

Radiation shielding;

Radiography;

Nuclear criticality safety;

Detector design and analysis;

Nuclear oil well logging;

Fission and fusion reactor design;

Nuclear facility econtamination and decommission-
Ing;

Design of accelerator spallation targets, particu-
larly for neutron scattering facilities;

Investigations for accelerator isotope production
and destruction programs, including the transmu-
tation of nuclear waste;

Research into accelerator-driven energy sources;
Activation of accelerator components and sur-
rounding groundwater and air;

High-energy dosimetry and neutron detection;
Medical physics, especially ion, proton, and neu-
tron therapy;

Investigations of cosmic-ray backgrounds and
shielding for high-altitude aircraft and spacecraft;
Single-event upsets in semiconductors in spacecraft
from cosmic rays or from the cosmic-ray-produced
neutrons at the earth's surface;

Analysis of cosmo-chemistry experiments, such as
Mars Odyssey;

Charged-particle propulsion concepts for space-
ight;
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Investigation of fully coupled neutron and charged-
particle transport for lower-energy applications;
Transmutation, activation, and burnup in reactor
and other systems;

Nuclear safeguards;

Nuclear material detection;

Design of neutrino experiments.

The culmination of this work is the implementation of
the heavy-fragment upgrades to CEM into the MCNP6
transport code.

A. Expanded GENXS Option

The GENXS option allows for various cross sections
to be tallied in MCNP6 (see Ref. (Prae|,|2011) for de-
tails). Previously, production cross sections (i.e., double
di erential cross sections) were only available for frag-
ments up to “He. Thus, a necessary rst step in imple-
menting the improved CEMO03.03F into MCNP6 involves
extending the ability to output production cross sections
of heavy clusters. This GENXS upgrade accomplishes
this and includes the ability to tally and output double
di erential cross sections for any heavy ion (with a valid
ZAID). It also includes the ability to tally and output
angle-integrated cross sections as a function of emitted
fragment energy and energy-integrated cross sections as
a function of emitted angle, for any ZAID.

To output and tally heavy ions in GENXS, simply en-
ter the isotope's ZAID (1000 Z + A) on the “particle
types tracked' line in the GENXS input le. If more
than one heavy ion is to be tracked, separate each ZAID
with a space. Up to 50 heavy ions can be tracked per
simulation. More details on using this GENXS extension
can be found in Ref. (Kerby et al., [2015).

Fig. displays an excerpt of the double di erential
cross section portion of the MCNP6 output le for °Li
(ZAID=3006). Now, instead of showing \mu max' for
the emission direction, GENXS now outputs the angles
in \ degrees+/-spreatl We believe this will be easier and
more intuitive for users, and help avoid user error and
misinterpretation. Angle-integrated spectra and energy-
integrated spectra are also calculated, as well as the total
angle- and energy-integrated production cross sections.

We tested this GENXS extension in MCNP6 across nu-
merous reactions and nd consistency with CEM03.03;
for details see Refs.|(Kerby/| 2015b; Kerbyet al., 2015).
The MCTAL tallies have also been updated so that angle-
integrated cross section spectra of specied heavy ions
may be viewed from within mcplot, similar to how speci-
ed nucleons and light fragments were viewed in the pre-
vious version of GENXS.



FIG. 36 Double di erential cross section output from MCNP6 using GENXS for the reaction 200 MeV p +
and energy-integrated cross sections also calculated.
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27 Al, with angle-



FIG. 37 Comparison of emitted “He angle-integrated frag-
ment spectra for the reaction 200 MeV p + %Al, calculated
by MCNP6 with CEMO03.03 (blue solid lines), with Bertini
(red dashed lines), with LAQGSMO03.03 (purple dash-dotted
lines), and with INCL-ABLA (green dotted lines), all run with
the GENXS extension for heavy ions discussed in the text.

1. Further Tests

We additionally tested this GENXS heavy-ion
extension with several dierent event generators
(CEMO03.03, Bertini+Dresner+RAL, INCL+ABLA, and
LAQGSMO03.03). Results of this test appear in Fig.[37.
Results are as we expect.

We also tested MCNP6 with the GENXS heavy-
ion extension on a nucleus-induced reaction using the
LAQGSMO03.03 event generator. Results of this simula-
tion compared with experimental data are seen in Fig[ 3B.
Similar results are found in Example 6.5 of the MPI Test-
ing Primer (Mashnik| 2013).

B. MCNP6 with the Light-Fragment Upgrades

The CEMO03.03F LF upgrades discussed in this work
were implemented into a working test version of MCNPG6,
which we call MCNP6-F. Two of the upgrades are al-
ways implemented in this model: the upgraded NASA-
Kalbach inverse cross sections in the preequilibruim
stage, and the new energy-dependent; model. The
other two upgrades (extension of preequilibrium emis-
sion to 22Mg, and the extension of the coalescence model
to ’Be), both of which increase computation time, may
be turned o if desired. A variable, called npreqtyp was
created to specify the number of preequilibrium particles
considered for emission. It is now the twelfth option on
the LCA Card. Its maximum (and default) value is 66,
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FIG. 38 Comparison of emitted neutron double di erential
spectra for the reaction 600 MeV/A 28Si + "™ Cu, at an emis-
sion angle of 20 , measured by Heilbronn, et al. (green points),
to those calculated by MCNP6 using the LAQGSMO03.03
event generator using the GENXS heavy-ion extension (blue
solid line).

similar to the nevtypevariable used for the evaporation
stage. See Tabl¢]l for a list of the 66 particles considered
in the preequilibrium stage. In the old model, 6 preequi-
librium particles were considered, and therefore a value
of npreqtyp=6 turns o both the preequilibrium and co-
alescence extensions. The extended coalescence model is
implemented for values of npreqtyp>6. MCNPG6-F also
includes the GENXS extension.

Basic testing and veri cation of MCNP6-F has been
completed with the results being presented in the follow-
ing section. In addition, MPI testing has been completed.
Upon further testing, we anticipate these heavy-ion up-
grades and the GENXS extension will be included in the
next release of MCNPG6.

1. Results

Double di erential cross section spectra for several re-
actions are plotted in this section. Figs.[39{42 compare
experimental data with results from CEMO03.03F (blue
solid lines), MCNP6-F with npreqtyp=66 (red dashed
lines), and MCNP6 with the GENXS extension only
(purple dash-dotted lines). MCNP6 with the GENXS
extension only does not contain any of the four light-
fragment upgrades discussed in this work (but contains
the GENXS extension so that we can output double dif-
ferential cross sections for light fragments). The new
MCNP6-F with the light-fragment upgrades, in gen-
eral, gives improved results compared to the unmodi ed



FIG. 39 Comparison of experimental data for 200 MeV p
+ ¥7Au ! SLi,"Be at 45, measured by Machner, et al.
(Machner et al., 2006) (green circles) to calculations from
CEMO03.03F (blue solid lines), MCNP6-F with npreqtyp=66
(red dashed lines), MCNP6-F with npreqtyp=6 (green dash-
dotted lines), and MCNP6 with the GENXS extension only

(purple dotted lines).

MCNP6, most especially for heavy-cluster spectra.

Fig. B9 displays the results for 200 MeV p + %’ Au
I 6Li,"Be at 45, compared to experimental data by
Machner, et al. (Machner et al., [2006). These gures also
contain spectra from MCNP6-F with npreqtyp=6; these
results should be similar to MCNP6 with the GENXS
extension only, as the only dierence between the two
is that MCNP6-F contains the improved inverse cross
sections and the ; Model. These two gures show not
only dramatically improved heavy-cluster production by
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FIG. 40 Comparison of experimental data for 480 MeV p +
nat Ag ! SLiat 60 , measured by Green, et al. (Greenet al.
1984) (green circles) to calculated results from CEMO03.03F
(blue solid lines), MCNP6-F with npreqtyp=66 (red dashed
lines), and MCNP6 with the GENXS extension only (purple

dash-dotted lines).

MCNPG6-F at high energies, but also improved production
at relatively low energies around the preequilibrium peak.
We believe this is due to the heavy target (gold) and
therefore an increased ability to produce these low-energy
heavy clusters from both the extended coalescence model
and the extended preequilibrium model.

Fig. B0 shows the results for 480 MeV p +" Ag !
6Li at 60 , compared to experimental data measured by
Green, et al. (Greenet all |1984). MCNP6-F produces
signi cantly improved results and matches the data rea-
sonably well.

Fig. @7 illustrates the results for 1200 MeV p +
¥97Au | BLi,’Be at 20  with experimental data
by Budzanowski, et al. (Budzanowski et al., |2008).
These gures provide additional evidence that MCNP6-
F demonstrates increased production of heavy clusters in
the mid- and high-energy regions compared to the origi-
nal MCNP6. These reactions also highlight the need to
improve the evaporation model. The peaks of the spectra
are too high; these peaks are largely produced by evapo-
ration. We hope to do this work in the future. We note a
recent paper by A. Boudard et al. (Boudard et al., |2013),
which obtained similar results for heavy-cluster spectra
from this reaction using INCL4.6 + ABLAO7.

Fig. B2 demonstrates the results for 2500 MeV p +
natNj ! t, ’Li at 100 , compared to experimental data
measured by Budzanowski, et al. |(Budzanowskiet al.,
2010). The triton spectra again illustrate that MCNP6-

F achieves increased production of heavy clusters without



FIG. 41 Comparison of experimental data on 1200 MeV p
+ 1Au 1 SLj,"Be at 20 , measured by Budzanowski, et al.
(Budzanowski et al., [2008) (green circles) to calculated re-
sults by CEM03.03F (blue solid lines), MCNP6-F with npreq-
typ=66 (red dashed lines), MCNP6-F with npreqtyp=6 (green
dash-dotted lines), and MCNP6 with the GENXS extension
only (purple dotted lines).

destroying the established spectra of nucleons and light
fragments with A < 5.
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FIG. 42 Comparison of experimental data for 2500 MeV p
+ M™MUNj 1 t,7Li at 100 , measured by Budzanowski, et al.
(Budzanowski et al.,|2010) (green circles) to calculated results
from CEMO03.03F (blue solid lines), MCNP6-F with npreg-
typ=66 (red dashed lines), and MCNP6 with the GENXS ex-

tension only (purple dash-dotted lines).

C. Summary

The goal of producing energetic light fragments in
the CEM model, which has led to an improved model,
CEMO03.03F, has been successfully accomplished, by ex-
tending the modi ed exciton model and the coalescence
model. Further improvment resulted from upgrading the
inverse-cross-section model in the preequilibrium stage
to the NASA-Kalbach hybrid model. We also created an
empirical analytical model for ; which a ords greater



exibility and predictability. Finally, while energetic LF
can be produced with Fermi breakup, especially for light
targets, we did not nd sucient evidence to justify
changing the Fermi breakup cut-o, Agemi , and have
thus left it at Apermi = 12.

We have extensively tested CEMO03.03F on proton-
, heutron-, gamma-, and pion-induced reactions and
have found, in general, better or no worse results com-
pared to the standard CEM03.03. In the case of heavy-
cluster production, the results of CEM03.03F generally
far outperform those from CEMO03.03. The computation
time for CEMO03.03F is about one-third longer than for
CEMO03.03.

We have also begun to extend the coalescence model

in LAQGSM, and to incorporate the upgrades made to
the MEM into LAQGSM as well. Preliminary results are
promising.

In addition, we investigated the validity and perfor-
mance of MCNP6, CEM, and LAQGSM in simulating
fragmentation reactions at intermediate energies. We
nd that the xed default versions of CEM03.03 and
LAQGSMO03.03 in MCNP6 provide reasonably good pre-
dictions for all reactions tested.

Finally, we have accomplished the goal of improving
predictions of MCNP6 for the production of energetic
heavy clusters. We have successfully implemented the
following heavy-ion upgrades from CEMO03.03F into a
working version of MCNPG6:

Expanded preequilibrium emission to2¢Mg;
Upgraded preequilibrium inverse cross sections to
the NASA-Kalbach model,

Extended the coalescence model téBe;

Developed a new, energy-dependent,; model.

To allow analysis of heavier LF production, we extended
the GENXS option in MCNP6 to include production
cross sections for all isotopes. Preliminary results of the
test of MCNP6-F are promising. Upon further testing of
MCNP6-F, we anticipate the LF upgrades and GENXS
extension will be included in the next release of MCNPG.

Goals for future work include upgrading the evapora-
tion model used in CEM and LAQGSM, which includes
implementing the NASA-Kalbach inverse cross sections
into the evaporation stage, completing the LAQGSM
coalescence model extension, and nishing integration
of the preequilibrium upgrades from CEMO03.03F into
LAQGSM.
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