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Validation and Verification of MCNP6 Against High-Energy
Experimental Data and Calculations by Other Codes.
[I. The LAQGSM Testing Primer

Stepan G. Mashnik

XCP-3, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Abstract

MCNP6 has been Validated and Verified (V&V) against various recent intermediate- and
high-energy measurements as well as against calculations by later versions of MCNPX using dif-
ferent event generators and against results by LAQGSM03.03/01, CEMO03.03, INCL+ABLA,
INCL4.5+ABLA07, ISABEL+ABLA07, TALYS, ALICE-IPPE, EPAX, ABRABLA, HIPSE,
and AMD, used as stand alone codes. New, /VALIDATION_LAQGSM/ and /VALIDA-
TION_CEM/ subdirectories in the /MCNP6/Testing/ directory were created where 18
MCNP6 test-problems that exercise physics of LAQGSM and 18 problems to test MCNP6 with
CEM are presented so far together with template files of MCNPG6 results, experimental data,
and results by other codes. README files that contain short descriptions of every input file,
the experiment, the quantity of interest that the experiment measures and its description in
the MCNPG6 output files, and the publication reference of that experiment are presented for
every test-problem. Templates for plotting the corresponding results with xmgrace as well
as pdf files with figures representing the final results of our V&V efforts are presented. More
than a dozen problems or technical “bugs” in MCNP6 and/or in MCNPX discovered during
our current V&V of MCNP6 are either fixed already, or are in working process and will be
fixed before the next release of MCNP6. Our results show that MCNP6 using our LAQGSM
and CEM event generators describes, as a rule, reasonably well different intermediate- and
high-energy measured data and agrees very well with similar results obtained with MCNPX
and other codes. Here, we describe the V&V of MCNP6 using the LAQGSM event-generator.
The test-suite for V&V of MCNP6 using CEM was presented in a separate, first primer of this
series. This primer isn’t meant to be read from cover to cover. Readers may skip some sections
and go directly to a test-problem they are interested in.
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1. Introduction

Following an increased interest in intermediate- and high-energy nuclear reactions in relation
to such projects as Accelerator Production of Tritium (APT), Accelerator Transmutation of
nuclear Wastes (ATW), Spallation Neutron Source (SNS), Rare Isotope Accelerator (RIA),
Proton Radiography (PRAD) as a radiographic probe for the Advanced Hydro-test Facility,
NASA needs, and others, the US Department of Energy has supported during the last decade
our work on the development of improved versions of the Cascade-Exciton Model (CEM) and
of the Los Alamos version of the Quark Gluon String Model (LAQGSM). The latest versions of
our codes, CEMO03.03 and LAQGSMO03.03, have been incorporated recently as event generators
in MCNP6 [1, 2], the latest and most advanced LANL Monte Carlo transport code and the
principal code product produced by the XCP-3 and D-5 LANL Groups representing a merger
of MCNP5 [3] and MCNPX [4]. As multilateral Validation and Verification (V&V) of all our
codes is very important and necessary, we decided to V&V specific capabilities of LAQGSM
and CEM as event generators in MCNPG6.

New, /VALIDATION_LAQGSM/ and /VALIDATION_CEM/ subdirectories in the
/MCNP6/Testing/ directory were created where 18 MCNP6 test-problems that exercise
physics in LAQGSM and 18 problems to test MCNP6 with CEM are presented so far together
with template files of MCNPG6 results, experimental data, and results by other codes. README
files that contain short descriptions of every input file, the experiment, the quantity of interest
that the experiment measures and its description in the MCNPG6 output files, and the publica-
tion reference of that experiment are presented for every test-problem. Templates for plotting
the corresponding results with xmgrace as well as pdf files with figures representing the final
results of our V&V efforts are presented.

In this primer, we describe the V&V of MCNP6 using the LAQGSM event-generator. The
test-suite for V&V of MCNPG6 using CEM was presented to a separate, first primer [5] of this
series.

To help novice users of MCNP6 and MCNPX, as well as advanced users of MCNP but
without sufficient experience in working with our high-energy event generators LAQGSM and
CEM, we present here the whole text of all our V&V input files together with a brief description
of the corresponding parts of the output files, and provide also extensive comparisons of our
MCNP6 results with available experimental data and predictions by other codes.

2. A Brief Survey of LAQGSM and CEM Physics

A detailed description of LAQGSM and CEM may be found in our recent lectures [6] and
references therein. Therefore, we present here only a very brief survey of the LAQGSM and
CEM physics to help the MCNP6 users chose the proper event generators in their problems
as well as a minimum information about the evaporation model used by our codes, needed to
better understand several of our current MCNP6 test-problems.

The basic versions of both our LAQGSM and CEM event generators are the so-called “03.01”
versions, namely LAQGSMO03.01 [7] and CEM03.01 [8]. While the CEM code calculates
nuclear reactions induced only by nucleons, pions, and photons, and only at incident
energies below ~ 5 GeV, the LAQGSM code calculates nuclear reactions induced
by almost all types of elementary particles as well as by heavy-ions in a very broad



range of incident energies, up to ~ 1 TeV /nucleon. LAQGSM assumes that nuclear
reactions occur generally in three stages, just like CEM does. The first stage is the IntraNuclear
Cascade (INC), in which primary particles can be re-scattered and produce secondary particles
several times prior to absorption by, or escape from the nucleus. When the cascade stage of
a reaction is completed, LAQGSM uses the coalescence model to “create” high-energy d, t,
3He, and *He by final-state interactions among emitted cascade nucleons, already outside of
the target (see Fig. 1 below).

IntraNuclear Cascade (INC) nandp
A>137?

yes

v

Coalescence

h 4

Preequilibrium d, t, 3He, 4He
A 137 no no

yes

h 4

E\fgoq%tj)on no Fermi breakup

¢yes

Fission, if Z>64
An. Ap > 137

no

lyes no k4
Evaporation from fission fragments yes N
P o 13 g » Output

Figure 1: Flow chart of nuclear-reaction calculations by LAQGSMO03.03 and CEMO03.03

The emission of the cascade particles determines the particle-hole configuration, Z, A, and
the excitation energy that is the starting point for the second, preequilibrium stage of the re-
action. The subsequent relaxation of the nuclear excitation is treated in terms of an improved
version of the modified exciton model of preequilibrium decay followed by the equilibrium
evaporation /fission stage of the reaction. Generally, all four components may contribute to ex-
perimentally measured particle spectra and other distributions. But if the residual nuclei after
the INC have atomic numbers with A < 12, LAQGSM uses the Fermi breakup model to cal-
culate their further disintegration instead of using the preequilibrium and evaporation models.
Fermi breakup is much faster to calculate and gives results very similar to the continuation of
the more detailed models to much lighter nuclei. Note that the INC of LAQGSM is completely
different from the one in CEM.

The main difference of the following, so-called “03.02” versions of LAQGSM and CEM from
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the basic “03.01” versions is that the latter use the Fermi breakup model to calculate the
disintegration of light nuclei instead of using the preequilibrium and evaporation models only
after the INC, when the excited nuclei after the INC have a mass number A < 12, but do not
use the Fermi breakup model at the preequilibrium, evaporation, and fission stages, when, due
to emission of preequilibrium particles or due to evaporation or to a very asymmetric fission,
we get an excited nucleus or a fission fragment with A < 12. This problem was solved in the
03.02 versions of LAQGSM and CEM [9], where the Fermi breakup model is used at any stage
of a reaction, when we get an excited nucleus with A < 12.

In addition, the routines that describe the Fermi breakup model in the basic 03.01 version
of our codes were written several decades ago in the group of Prof. Barashenkov at JINR,
Dubna, Russia, and are far from being perfect, though they are quite reliable and are still
used currently without any changes in some transport codes. First, these routines allow in rare
cases production of some light unstable fragments like °He, 5Li, ®Be, ?B, etc., as a result of a
breakup of some light excited nuclei. Second, these routines allowed in some very rare cases even
production of “neutron stars” (or “proton stars”), i.e., residual “nuclei” produced via Fermi
breakup that consist of only neutrons (or only protons). Lastly, in some very rare cases, these
routines could even crash the code, due to cases of divide by zero. All these problems of the
Fermi breakup model routines are addressed and solved in the 03.02 version of our codes [9].
Several bugs are also fixed in 03.02 in comparison with its predecessor. On the whole, the
03.02 versions describe nuclear reactions on intermediate and light nuclei, and production of
fragments heavier than “He from heavy targets much better than their predecessors, almost do
not produce any unstable unphysical final products, and are free of the known bugs.

However, even after solving these problems and after implementing the improved Fermi
breakup model into LAQGSM03.02 and CEMO03.02 [9], in some very rare cases, our event
generators still could produce some unstable products via very asymmetric fission, when the
excitation energy of such fragments was below 3 MeV and they were not checked and not
disintegrated with the Fermi breakup model (see details in [10]). This problem was addressed
in the 03.03 versions of our codes, where we force such unstable products to disintegrate via
Fermi breakup independently of their excitation energy. Several more bugs were fixed in the
03.03 version as well. A schematic outline of a nuclear reaction calculation by LAQGSMO03.03
or CEMO03.03 is shown in Fig. 1. We emphasize that the occurrence of these problems even
in the 03.01 versions is quite rare, allowing stand-alone calculations of many nuclear reactions
to proceed without problems, but are unacceptable when the event generators are used inside
transport codes doing large-scale simulations. Let us note here that the “03.03” version of CEM
produced as described above (see more details in [10]) is used at present only in MARS15 [11].
In the latest versions of MCNPX, 2.7.A [12], 2.7.B [13], 2.7.C [14], 2.7.D [15], 2.7.E [16],
and 2.7.0 [17] and in MCNP6 [2] (as well as in the Monte Carlo Radiative Energy Deposition
(MRED) code developed at Vanderbilt University for single event effect studies [18]) we use now
a new modification of CEM03.02 which does not produce any fission fragments with A < 13.
Therefore, there is no need to use the “standard 03.03” version.

Let us mention that until very recently, we have called the latest version of CEM in
MCNP6/X “CEMO03.02” (to not confuse it with the version used at FNAL in MARS15) though
its physics corresponds to CEMO03.03. We have participated with it in the recent Benchmark of
Spallation Models organized at the International Atomic Energy Agency during 2008-2009 [19],
and it is referred there as “CEMO03.02”. As one can see from the numerous and various results
presented at the Web-site of that Benchmark [19], the results by “CEMO03.02” are practically
the same as those by “CEM03.03”, just as we expected. The situation with different names of



the latest version of CEM in MCNP6/X as “CEMO03.02” and as “CEMO03.03” in MARS15 was
confusing for people outside our Group, as kindly pointed out to us by one of the referees of
our recent paper on Validation and Verification of MCNP6 [20]. To address this, we decided to
call in Ref. [20] and in all our following publications the latest version of CEM we use at LANL
(and in MRED at Vanderbilt University) also as “CEMO03.03”. This is why we refer here to it
as to “CEMO03.03".

As several our test-problems address a specific question of the evaporation model used by
our LAQGSM and CEM, let us recall here the main assumptions of the evaporation model,
without discussing at all the INC, the preequilibrium, the fission, and the coalescence models
used by LAQGSM and CEM (we direct readers interested in details of these models to our
lectures [6] and references therein).

LAQGSMO03.01 and CEMO03.01 and their later versions use an extension of the Generalized
Evaporation Model (GEM) code GEM2 by Furihata [21]-[23] after the preequilibrium stage of
reactions to describe evaporation of nucleons, complex particles, and light fragments heavier
than *He (up to ®Mg) from excited compound nuclei and to describe their fission, if the
compound nuclei are heavy enough to fission (Z > 65). The GEM is an extension by Furihata
of the Dostrovsky evaporation model [24] as implemented in LAHET [25] to include up to 66
types of particles and fragments that can be evaporated from an excited compound nucleus
plus a modification of the version of Atchison’s fission model [26]-[28] used in LAHET. Many
of the parameters were adjusted by Furihata for a better description of fission reactions when
using it in conjunction with the extended evaporation model.

A very detailed description of the GEM, together with a large amount of results obtained
for many reactions using the GEM coupled either with the Bertini or ISABEL INC models in
LAHET may be found in [21, 22]. Therefore, we present here only the main features of the GEM,
following mainly [22] and using as well useful information obtained in private communications
with Dr. Furihata.

Furihata did not change in GEM the general algorithms used in LAHET to simulate evapo-
ration and fission. The decay widths of evaporated particles and fragments are estimated using
the classical Weisskopf-Ewing statistical model [29]. In this approach, the decay probability P;
for the emission of a particle j from a parent compound nucleus ¢ with the total kinetic energy
in the center-of-mass system between € and € + de is

pi(E—Q —€)
pi(E)

where E [MeV] is the excitation energy of the parent nucleus ¢ with mass A; and charge Z;,
and d denotes a daughter nucleus with mass Ay and charge Z; produced after the emission
of ejectile j with mass A; and charge Z; in its ground state. o0y, is the cross section for
the inverse reaction, p; and p, are the level densities [MeV]™! of the parent and the daughter
nucleus, respectively. g; = (25; + 1)m;/m*h?, where S; is the spin and m; is the reduced
mass of the emitted particle j. The @Q-value is calculated using the excess mass M (A, Z) as
Q=M(A;, Z;) + M(Ay, Zg) — M(A;, Z;). In GEM2, four mass tables are used to calculate @)
values, according to the following priorities, where a lower priority table is only used outside
the range of validity of the higher priority one: (1) the Audi-Wapstra mass table [30], (2)
theoretical masses calculated by Moller et al. [31], (3) theoretical masses calculated by Comay
et al. [32], (4) the mass excess calculated using the old Cameron formula [33]. As does LAHET,
GEM2 uses Dostrovsky’s formula [24] to calculate the inverse cross section 0y, for all emitted

Py(€)de = g;01n,(€) ed. 1)



particles and fragments

which is often written as

(€)= o4cn(1+b/€) for neutrons
Tt o4¢j(1 —V/e) for charged particles ,

where 0, = 7R} [fm?] is the geometrical cross section, and
V =k;Z; Z4¢* | R, (3)

is the Coulomb barrier in MeV.

One important new ingredient in GEM2 in comparison with LAHET, which considers evap-
oration of only 6 particles (n, p, d, t, *He, and *He), is that Furihata includes the possibility of
evaporation of up to 66 types of particles and fragments and incorporates into GEM2 several
alternative sets of parameters b, ¢;, k;, Ry, and R, for each particle type.

The 66 ejectiles considered by GEM2 for evaporation are selected to satisfy the following
criteria: (1) isotopes with Z; < 12; (2) naturally existing isotopes or isotopes near the stability
line; (3) isotopes with half-lives longer than 1 ms. All the 66 ejectiles considered by GEM2 are
shown in Table 1.

Table 1. The evaporated particles considered by GEM?2

Ejectiles

n

p d t

SHe  “He SHe B8He

SLi Li 8Li 9Li

Be Be “Be !YBe !’Be

8B 10B 11B 12B 13B

1OC 1IC 120 13C 14C 15C 1GC
12N 13N 14N 15N 16N 17N

140 150 160 170 180 190 200
17F 18F 19F 20F 21F

10 'SNe Ne 2Ne ?Ne 2Ne *Ne 2'Ne
11 2'Na ?’Na  2’Na  *Na  ®Na

12 22Mg 23Mg 241\/[g 251\/[g 261\/[g 27Mg 28Mg

@OO\]C%U'%OON))-‘OQ.N

Note that when including evaporation of up to 66 particles in GEM2, its running time in-
creases significantly compared to the case when evaporating only 6 particles, up to “He. The
major particles emitted from an excited nucleus are n, p, d, t, He, and “*He. For most cases,
the total emission probability of particles heavier than « is negligible compared to those for
the emission of these light ejectiles. Our detailed study of different reactions (see, e.g., [34] and
references therein) shows that if we study only nucleon and complex-particle spectra or only
spallation and fission products and are not interested in light fragments, we can consider evapo-
ration of only 6 types of particles in GEM2 and save much computing time, getting results very
close to the ones calculated with the more time consuming “66” option. In LAQGSMO03.01 and



CEMO03.01, we have introduced an input parameter called nevtype that defines the number of
types of particles to be considered at the evaporation stage. The index of each type of particle
that can be evaporated corresponds to the particle arrangement in Table 1, with values, e.g., of
1,2, 3, 4,5, and 6 for n, p, d, t, >He, and *He, with succeeding values up to 66 for 2*Mg. All 66
particles that can possibly evaporate are listed in LAQGSMO03.01 and CEMO03.01 together with
their mass number, charge, and spin values in the block data bdejc. For all ten examples
of inputs and outputs of CEMO03.01 included in Appendices 1 and 2 of the CEMO03.01 User
Manual [8], whose results are plotted in the figures in Appendix 3 of [8], we have performed
calculations taking into account only 6 types of evaporated particles (nevtype = 6) as well
as with the “66” option (nevtype = 66) and we provide the corresponding computing time
for these examples in the captions to the appropriate figures shown in Appendix 3 of Ref. [8].
The “6” option can be up to several times faster than the “66” option, providing meanwhile
almost the same results. Therefore we recommend that users of LAQGSM and CEM use 66
for the value of the input parameter nevtype only when they are interested in all fragments
heavier than “He; otherwise, we recommend the value of 6 for nevtype. Alternatively, users
may choose intermediate values of nevtype, for example 9 if one wants to calculate the produc-
tion of %Li, or 14 for modeling the production of “Be and lighter fragments and nucleons only,
while still saving computing time compared to running the code with the maximum value of 66.

3. V&V of MCNP6 using LAQGSMO03.03

To help the users of MCNPG6, in all the following subsections, we describe the test problems
(input and output files and comparisons with experimental data and results by other models)
exactly as they are presented in the VALIDATION_LAQGSM subdirectory in the basic
MCNP6/Testing directory.

Before presenting our results, let us mention that the easiest way to calculate (in MCNP6)
spectra of secondary particles and cross section of products from a thin target is to use either
the noact=-2 option on the LCA card of the MCNPG6 input file, or the special GENXS option
of MCNPG6. The first option (noact=-2) was developed for the MCNPX code and is described
in detail in Section 5.4.6.1 of the MCNPX Manual [35]; it migrated later to MCNPG6 exactly as
implemented in MCNPX [35]. The second option (GENXS) was developed by Dr. Richard
Prael especially for MCNP6 and is described in detail in Ref. [36]. Both these documents
[35, 36] are included in the package to be distributed to the MCNPG6 users. Below, in cases of
test-problems with thin targets, we show examples of using either the first or the second option
(note that in Sections 3.6, 3.7, and 3.8 of the CEM Testing Primer [5], we show examples of
using both these options of MCNPG).

3.1. Test-Problem #1: Si600CuREP

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03 event
generator for different NASA (shielding for missions in space), medical (cancer treatment with
heavy-ions), and FRIB (the U.S. DOE Facility for Rare Isotope Beams, a continuation and
modification of the former Rare Isotope Production (RIA) project) applications.

This test problem calculates with MCNP6 the neutron spectra at 5, 10, 20, 30, 40, 60,
and 80 degrees from interaction of a 600 MeV /nucleon 2Si beam with a thin *Cu target and
compares the results with experimental data and with results by other models.
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Let us mention that one of the major reasons for this test problem was to investigate and fix
a “bug” observed by Dr. Igor Remec of ORNL when he calculated this reaction with MCNPX
2.7.B (see Ref. [20] for more details). Dr. Remec called our attention to a problem he observed
in the MCNPX 2.7.B for neutron spectra at forward angles. For unknown reasons, MCNPX
2.7.B using LAQGSMO03.01 strongly overestimates the neutron spectra at forward angles (see
the cyan lines in Fig. 8 of Ref. [20] and in Fig. 2 below), while LAQGSMO03.01 used as a stand
alone code describes such spectra very well (see the black lines on Fig. 8 of Ref. [20] and the
green lines in Fig. 2 below). A special investigation by Dr. Mike James of the LANL D-5 Group
has identified a previously unobserved error in the MCNPX implementation of LAQGSMO03.01,
which caused that problem. This implementation error was fixed by Mike James in the 2.7.0
version of MCNPX [17] by replacing completely the relatively old LAQGSMO03.01 with the
latest version LAQGSMO03.03. Such a replacement was also done in MCNP6 by Dick Prael.
As we can see from Fig. 8 of Ref. [20] and in Fig. 2 below, the current version of MCNP6
describes these measured neutron spectra very well, just as LAQGSMO03.03 and LAQGSMO03.01
do as stand alone codes.

We calculate this test-problem using the NOACT=-2 option for the 8th parameter of the
LCA card of the MCNPG6 input file. As we have presented a detailed description of the use of
NOACT=-2 option to calculate particle spectra from thin targets in the test-problem #6 of
the CEM Testing Primer [5], and have provided additional examples of its use in test problems
#7 and #8 of Ref. [5], we do not need to discuss the input and output files for this case.
Therefore, we limit ourselves to only providing the text of the input file as well as describing
where to find the results in the MCNP6 output files. The input file for this test problem
is Si600CuREP. It is presented in the subdirectory /VALIDATION_LAQGSM /Inputs/
and is also shown below.

Si600CuREP:

MCNP6 test with LAQGSM03.03: 600 MeV/A Si28 + Cu64 -> n spectra
C to test Dick Prael fix of the bug observed by Igor Remec
c as test-problem for NASA application

1 1 -8.96 -501 imp:n=1
2 0 501 -502 imp:n=1
99 0 502 imp:n=0

501 so 0.01
502 so 1

¢ tally surfaces

250 kz 0 0.001906278 1 $ 2.5 deg
750 kz 0 0.017332380 1 $ 7.5 deg
125 kz 0 0.049148523 1 $ 12.5 deg
175 kz 0 0.099413326 1 $ 17.5 deg
225 kz 0 0.171572875 1 $ 22.5 deg
275 kz 0 0.270990054 1 $ 27.5 deg
325 kz 0 0.405858517 1 § 32.5 deg
375 kz 0 0.588790706 1 $ 37.5 deg
425 kz 0 0.839662820 1 § 42.5 deg



N

1.0 $ Cub4 target, density 8.96 g/cc

-250 -750 -125 -175 -225 -275 -325 -375 -425 -575 -625 -775 -825 T
following Segment Divisor card is needed to get 1/sr for n-spectra

5
5
5
5
5
.5 -
5
5
5
5
5

2pi(cos0 -cos2.5)
2pi(cos2.5 - cos7.5)
2pi(cos7.5 - cosl12.5)

- coslT7.
- cos22.
- cos27.
- cos32.
- cos37.
cos42.
- cosbT7.
- cos62.
- cos77.
- cos82.
- c0s180

575 kz 0 2.463912811

625 kz 0 3.690172332

775 kz 0 20.34649121

825 kz 0 57.69548054

ml 29064

lca 7j -2 j 1 $ LAQGSM

¢ nps 1000

nps 1le7

prdmp 2j -1

sdef par=14028 erg=16800 vec=0 0 1 dir 1

phys:# 16800

phys:h 3000

phys:n 3000

phys:a 3000

phys:d 3000

phys:t 3000

phys:s 3000

phys:/ 3000

phys:z 3000

mode n h#adts/ z*

c

fl:n 502

fsi1

¢ The

sdl  0.00598020 $
0.04777332 §
0.09518306 $
0.14186840 ¢ 2pi(cosi2.
0.18747403 $ 2pi(cosl7.
0.23165287 $ 2pi(cos22.
0.27406869 $ 2pi(cos27.
9.31439869 ¢ 2pi(cos32.
0.35233592 $ 2pi(cos37
1.25649713 $ 2pi(cos42.
0.47470090 $ 2pi(cosb7.
1.54132190 $ 2pi(cos62.
0.53980995 $ 2pi(cos77.
7.10330556 $ 2pi(cos82.
12.5663706 $ 4pi

c Boundaries of the neutron

el 1 3 5 7
22.5 27.5 32.5 37.5
72.5 77.5 82.5 87.5
145 1556 165 175
245 265 265 275
345 355 365 375

9 11

42.5 47.5
92.5 97.5
185 195
285 295
385 395

12

5)
5)
5)
5)
5)
5)
5)
5)
5)
5)
)

13
52.5
105
205
305
405

15
57.5
115
215
315
415

17
62.5
125
225
325
425

energy bins: 0-1 MeV; 1-3 MeV,

19
67.5
135
235
335
435



445 455 465 475 485 495 505 5156 525 535
545 555 665 575 585 595 605 615 625 635
645 655 665 675 685 695 705 715 725 735
745 7556 765 775 785 795 805 815 825 835
845 855 865 875 885 895 905 915 9256 935
945 955 965 975 985 995 1025 1075 1125 1175
1225 1275 1325 1375 1425 1475 1525 1575 1625 1675
1725 1775 1825 1875 1925 1975
eml 2279.85 135r $ multiply to sig_inelastic = 2279.85 mb, as predicted

C by LAQGSM03.03, file Si600Cu0303.out, Nov 9, 2009; needed
c to get the spectra in [mb/sr/MeV], after dividig the flux
c to the energy bins with divisor136.exe to get [1/MeV]

c

c

e0 2000

fil:n 502

f21:h 502

£f31:d 502

f41:t 502

fbl:s 502

f6l:a 502

£71:/ 502

£81:z 502

£91:% 502

dbcn 20j O 7j 1 2j 0 1

Spectra by MCNP6 at 5, 10, 20, 30, 40, 60, and 80 (£2.5) degrees are tabulated in units
of [mb/sr/proton] in the output file SiI6G00CuREP _c.o (calculated with the “continue” option
using the auxiliary input file inp_Si600CuREP; the first MCNP6 output calculated with the
main input file SI600CuREP is Si600CuREP.o; both of these output files are presented in subdi-
rectory /VALIDATION_LAQGSM/Templates/LINUX/) as tally 1, respectively, in the
“segments”:

1) segment: 250 -750

2) segment: 250 750 -125

) segment: 250 750 125 175 -225

) segment: 250 750 125 175 225 275 -325

) segment: 250 750 125 175 225 275 325 375 -425

) segment: 250 750 125 175 225 275 325 375 425 575 -625

7) segment: 250 750 125 175 225 275 325 375 425 575 625 775 -825

Note that to get the units of [mb] needed for the normalization of the calculated spectra
to the total reaction cross section, we use the Energy Multiplier card EM1 in our input file
Si600CuREP with the value 2279.85 on it for all the 136 energy bins of our tally F1: 2279.85 is
the value of the total inelastic (reaction) cross section in [mb] as calculated by LAQGSMO03.03
used as a stand alone code.

In a similar manner, to get the units of [1/sr] for the MCNP6 calculated spectra, we use in
our input file the Segment Divisor card SD1 with values of the solid angles for each “segment”
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identifying the needed angles of 5, 10, 20, 30, 40, 60, and 80 (42.5) degrees.

Last, to get the units of [1/MeV] in the final spectra, we need to divide the MCNPG6 tables
for the “segments” listed above by the value of the corresponding energy bins. We could do
this with the Energy Multiplier card EM1 or with the Segment Divisor card SD1 mentioned
above. In order to keep this MCNPG6 input as simple as possible, we chose to not do so with
the EM1 or SD1 cards in the current test-problem; instead, after all MCNPG6 calculations
are completed, we divide the corresponding MCNPG6 results using a little auxiliary routine we
wrote to make this division.

To help plot these spectra with xmgrace (see file Si600Cu_REP.pdf), the final MCNP6
results are copied to separate files REP5.dat, REP10.dat, REP20.dat, REP30.dat, REP40.dat,
REP60.dat, and REPS80.dat, respectively. The file Si600Cu_REP.fig is a template for plotting
the figure with xmgrace.

Besides the MCNPG6 results, for comparison, we present here also results by LAQGSM03.01
used as a stand alone code (files 5_01.dat, 10_01.dat, 20_01.dat, 30_01.dat, 40_01.dat, 60_01.dat,
and 80_01.dat, for 5, 10, 20, 30, 40, 60, and 80 degrees, respectively), by the latest version
of LAQGSM used as a stand alone code, LAQGSMO03.03 (files 5.03.dat, 10_03.dat, 20_03.dat,
30_03.dat, 40.03.dat, 60_03.dat, and 80_03.dat, respectively), as well as results obtained by
Igor Remec with MCNPX 2.7.B using LAQGSMO03.01 in a standard calculation mode (files
[.5.dat, 1.10.dat, 1-20.dat, 1-30.dat, 1_40.dat, 1.60.dat, and 1_80.dat, respectively). The results
by MCNPX 2.7.B were kindly provided us by Dr. Igor Remec.

The experimental data for this test problem are published in Ref. [37]. Numerical values of
experimental data were obtained from the authors of the measurement (performed at the Heavy
Ton Medical Accelerator in Chiba (HIMAC) facility of the National Institute of Radiological
Science (NIRS), Japan via Dr. Igor Remec of the Oak Ridge National Laboratory. Experimental
neutron spectra in units of [mb/MeV /sr] for angles of 5, 10, 20, 30, 40, 60, and 80 degrees
are presented in files Sexp.dat, 10exp.dat, 20exp.dat, 30exp.dat, 40exp.dat, 60exp.dat, and
80exp.dat, respectively, in the subdirectory:

/VALIDATION_LAQGSM/Experimental _data/Si600Cu_l/.

For convenience of plotting with xmgrace spectra at all angles on a single figure and to
compare spectra at different angles with each other, the experimental data (and the results by
LAQGSMO03.01 used as a stand alone code) at 5 degrees were multiplied by 10°, at 10 degrees by
10°, at 20 degrees by 10, etc., as is shown in the legend of the figure (see file Si600Cu_REP.pdf).
(Note that results by MCNP6, by LAQGSMO03.03 used as a stand alone code, and by MCNPX
2.7.B, as described below, are not multiplied in the separate files provided here; instead, they
were multiplied only in the figure, while plotting the figure with xmgrace.)

The final results for this problem are shown below in Fig. 2. We see a very good agreement
between our current MCNPG6 results using the LAQGSMO03.03 event generator and the calcu-
lations with LAQGSMO03.03 and LAQGSMO03.01 used as stand alone codes. We observe also
a pretty good agreement of our results with the experimental data. For comparison, we show
in Figure 2 also the results calculated by Dr. Remec at ORNL using MCNPX 2.7.B (with the
wrong implementation of LAQGSMO03.01 as mentioned above); we see that those old results
strongly overestimate the neutron spectra at forward angles. Fortunately, that implementation
“bug” was fixed in both MCNPX 2.7.0 and MCNP6 and now both our transport codes describe
well particle spectra emitted in the laboratory system in the forward direction from this and
other similar nuclear reactions.
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Figure 2: Experimental neutron spectra [37] at 5°, 10°, 20°, 30°, 40°, 60°, and 80° from a
relatively thin Cu target bombarded with a 600 MeV /nucleon ?*Si beam compared with results
by LAQGSMO03.01 [7] and LAQGSMO03.03 [6] used as stand alone codes, with our MCNP6
results using LAQGSMO03.03 with the noact=-2 option for the 8th parameter of the LCA
card, as well as with results by MCNPX 2.7.B [13] obtained by Dr. Igor Remec at ORNL using
LAQGSMO03.01, as indicated.
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3.2. Test-Problem #2: inp7lcorREP

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03 event
generator for several NASA (shielding for missions in space) and FRIB (the initial U.S. DOE
project known as Rare Isotope Production (RIA), updated in 2008 as “Facility for Rare Isotope
Beams” (FRIB), under construction at present at MSU) applications. It was also used to check
and correct an error observed in the input file inp71 of the MCNPX test-problem adopted later
also as a test-problem for the MCNP6 Suite: /Testing/MCNPX_EXTENDED /heavyions/.
In addition, we used this test problem to study, understand, and fix the “implementation bug”
mentioned in the previous Section 3.1.

We calculate this test-problem using the NOACT=-2 option for the 8th parameter of
the LCA card of the MCNP6 input file. As we have presented a detailed description of the
use of NOACT=-2 option to calculate particle spectra from thin targets in the test-problem
#6 of the CEM Testing Primer [5], and have provided additional examples of its use in test
problems #7 and #8 of Ref. [5], we do not need to discuss in detail the input and output
files for this case. Therefore, we limit ourselves to only providing the text of the input file as
well as describing where to find the results in the MCNP6 output files. We discuss below only
some points of the input file needed to understand the observed (and corrected here) error in
the input file inp71 of the MCNPX test-problem adopted later also as a test-problem for the
MCNP6 Suite: /Testing/MCNPX_EXTENDED /heavyions/.

The input file for this test problem is inp71corREP. It is presented in the subdirectory
/VALIDATION_LAQGSM /Inputs/ and is also shown below.

inp7lcorREP:

MCNP6 test with LAQGSM03.03: 135 MeV/A He4+Cu64 -> n spectra
c a correct version of the inp71 test-problem from */MCNPX_E*/heavyions/
c use of the latest, August 2010, version (REP) of MCNP6 with LAQGSM03.03

1 1 -10 -501 imp:n=1
2 0 501 -502 imp:n=1
99 0 502 imp:n=0

501 so 0.01
502 so 1

¢ tally surfaces

5 kz 0 0.007654253 1
10 kz 0 0.031091151 1
15 kz 0 0.071796643 1
20 kz 0 0.132474088 1
25 kz 0 0.217442414 1
30 kz 0 0.333332652 1
35 kz 0 0.49028952 1
40 kz 0 0.704086505 1
45 kz 0 0.999997346 1
50 kz 0 1.420272373 1
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55 kz 0 2.03959969 1

60 kz 0 2.999987744 1

65 kz 0 4.598886921 1

70 kz 0 7.548583695 1

75 kz 0 13.92808003 1

80 kz 0 32.16299385 1

85 kz 0 130.6423246 1

90 Pz 0

95 kz 0 130.6503105 -1

100 kz 0 32.16399202 -1

105 kz 0 13.92837571 -1

110 kz 0 7.548708346 -1

115 kz 0 4.598950644 -1

120 kz 0 3.000024513 -1

125 kz 0 2.039622728 -1

130 kz 0 1.420287681 -1

135 kz 0 1.000007961 -1

140 kz 0 0.704094093 -1

145 kz 0 0.490295058 -1

150 kz 0 0.333336738 -1

155 kz 0 0.217445427 -1

160 kz 0 0.132476276 -1

165 kz 0 0.071798167 -1

170 kz 0 0.031092115 -1

175 kz 0 0.007654721 -1

ml 29064 1

lca 7j -2 j 1 $ LAQGSM

¢ nps 1000

nps 1le6

prdmp 2j -1

sdef par=a erg=540 vec=0 0 1 dir 1

phys:# 600

phys:h 600

phys:n 600

phys:a 600

phys:d 600

phys:t 600

phys:s 600

phys:/ 600

phys:z 600

mode n h#adts/ z

c

fi:n 502

fs1 -5 -10 -20 -25 -35 -45 -55 -75 -85 105 115 125 135
145 155 T

c sdl 0.17453 0.17453 0.34907 0.17453 0.34907 0.34907
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O o o0 o0 o0 0

sdil

el

eml

O o o0 o0 0

f11:
£21:
£31:
f41:
£51:
f61:
£f71:
£81:

0.34907 0.69814 0.34907
0.69814 0.34907 0.34907 0.34907 0.34907 0.34907
0.87266 12.56636

0.02391
.07155
.28347
.20976
.54762
.70500
.83900
.97768
.07859
.17382
.02918
.94850
.83900
.70400
.54726
.58869
12.56637 $
Boundaries
1 3

22.5 27.5
72.5 T77.5
145 155
245 255
345 355
445 455
545 555

O O OO OO KR, NEFP,EFP,FOOOOOO
h P P hH P P P P P P P P P PhHH

&

The initial sd card (above) was wrong

2pi(cos0 -cosb)
2pi(cosb - cosl10)

2pi(cosl10 -
2pi(cos20 -
2pi(cos25 -
2pi(cos35 -
2pi(cos4b -
2pi(cosbb -
2pi(cos75 -
2pi(cos85 -
2pi(cos105
2pi(cos115
2pi(cos125
2pi(cos135
2pi(cos145
2pi(cos1b5
4pi

c0s20)
cos25)
cos3b)
cos4b)
cosbb)
cos75)
cos85)
cos105)

cos115)
cos125)
cos135)
cos145)
cos155)
cos180)

The following Segment Divisor card is needed to get 1/sr for n-spectra

of the neutron energy bins: 0-1 MeV; 1-3 MeV,

5 7

32.5 37.5
82.5 87.5
165 175
265 275
365 375
465 475
565 575

9 11

42.5 47.5
92.5 97.5
185 195
285 295
385 395
485 495

13
52.5
105
205
305
405
505

1258.34 73r $ multiply to sig_inelastic =
by LAQGSM03.01, calculation of 6/10/2002.
to get the spectra in [mb/sr/MeV], after dividig the flux
to the energy bins, to get [1/MeV]

N Np 0 & Qb B

600
502
502
502
502
502
502
502
502

18

15 17
57.5 62.5
115 125
215 225
315 325
415 425
515 5256
1258.34 mb,

19
67.5
135
235
335
435
535

as predicted
This is needed



dbcn 205 O 7j 1 2j O 1

We calculate the neutron spectra using the F1 tally on the surface of a sphere (surface #
502) with a radius equal to 1 cm, using a source of 540 MeV monoenergetic alpha particles in
its center (i.e., a source of “He with the bombarding energy of 540/4 = 140 MeV /nucleon), with
the beam in the Z-axis direction. To get the double-differential spectra of secondary neutrons
at needed angles, it is very convenient to divide the surface of the sphere (surface # 502)
in “segments”, corresponding to our angles, and to tally the neutron separately in all these
“segments”. For this, we use “tally surfaces” of cones on the Z-axis defined as:

5 kz 0 0.007654253 1
10 kz 0 0.031091151 1
15 kz 0 0.071796643 1
20 kz 0 0.132474088 1
25 kz 0 0.217442414 1
30 kz 0 0.333332652 1
35 kz 0 0.49028952 1
40 kz 0 0.704086505 1
45 kz 0 0.999997346 1
50 kz 0 1.420272373 1
55 kz 0 2.03959969 1
60 kz 0 2.999987744 1
65 kz 0 4.598886921 1
70 kz 0 7.548583695 1
75 kz 0 13.92808003 1
80 kz 0 32.16299385 1
85 kz 0 130.6423246 1
90 pz 0

95 kz 0 130.6503105 -1
100 kz 0 32.16399202 -1
105 kz 0 13.92837571 -1
110 kz 0 7.548708346 -1
115 kz 0 4.598950644 -1
120 kz 0 3.000024513 -1
125 kz 0 2.039622728 -1
130 kz 0 1.420287681 -1
135 kz 0 1.000007961 -1
140 kz 0 0.704094093 -1
145 kz 0 0.490295058 -1
150 kz 0 0.333336738 -1
155 kz 0 0.217445427 -1
160 kz 0 0.132476276 -1
165 kz 0 0.071798167 -1
170 kz 0 0.031092115 -1
175 kz 0 0.007654721 -1

Let us provide here a useful hint: we have chosen the numbers for the surfaces for these
cones not arbitrarily, but so that they help us know at once the angle a given cone provides:
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So, surface #5 is a cone on the Z-axis starting at the origin, Z=0; it provides us an angle of 5
degrees relative to the Z-axis. Similarly, surface #10 provides us an angle of 10 degrees, etc.
From here, we have that the “segment” of the sphere (surface # 502) cut by the cones #10 and
#20 corresponds to an angle of 15+ 5 degrees, the second angle for which we need to calculate
the neutron spectra. In a similar way, other cones have the surface numbers and provide just
the angles to get the remaining 30 &5, 50 5, 80 + 5, and 110 £ 5 degrees in order to calculate
our spectra. It is clear that the first spectrum, at 0 + 5 degrees, is tallied on the surface of the
sphere (surface # 502) cut by the cone #5.

Let us recall here that the F1 tally of MCNPG6 provides us current of particles (neutrons,
in our case) over a surface in units of [particles/projectile], while we need our final neutron
spectra in units of [mb/MeV/sr] (per projectile), as they were measured in the experiment.
To get the units of mb, we multiply our MCNP6 spectra with the total inelastic cross section,
0in = 1258.34 mb, as calculated by LAQGSMO03.01 used as a stand alone code; for this, we use
the Energy Multiplier Card EM1

eml 1258.34 73r $ multiply to sig_inelastic = 1258.34 mb, as predicted

c by LAQGSM03.01, calculation of 6/10/2002. This is needed
c to get the spectra in [mb/sr/MeV], after dividig the flux
c to the energy bins, to get [1/MeV]

with this value for all of the 74 energy bins defined by the E1 card:

c Boundaries of the neutron energy bins: 0-1 MeV; 1-3 MeV,

el 1 3 5 7 9 11 13 15 17 19
22.5 27.5 32.5 37.5 42.5 47.5 52.5 57.5 62.5 67.5
72.5 77.5 82.5 87.5 92.5 97.5 105 115 125 135
145 166 165 175 185 195 205 2156 225 235
245 265 265 275 285 295 305 315 325 335
345 355 365 375 385 395 405 415 425 435
445 455 465 475 485 495 505 515 525 535
545 555 565 575

To get the needed units of [1/MeV] for our spectra, we need to divide the MCNPG6 results by
the corresponding energy bin widths (in MeV). Note that we could do this with the EM1 card,
using on it gy, divided by different values for the corresponding energy bins, as was done in the
test-problem presented in Section 3.8 of Ref. [5]. However, in order to keep this MCNPG6 input
as simple as possible, we chose to not do so with the EM1 in the current test-problem; instead,
after all MCNPG6 calculations are completed, we divide the corresponding MCNPG6 results using
a little auxiliary routine we wrote to make this division.

Finally, to get the units of [1/sr] in our spectra, we need to divide the F1 MCNPG6 tally
results by the values of the solid angles for the “segments” where we count the neutrons. It is
convenient to do this with the Segment Divisor Card SD1, where we provide the solid angle
for each “segment” (we calculate them separately with a calculator before starting our MCNP6
run).

c sdl  0.17453 0.17453 0.34907 0.17453 0.34907 0.34907
c 0.34907 0.69814 0.34907
c 0.69814 0.34907 0.34907 0.34907 0.34907 0.34907
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o 0.87266 12.56636

c The initial sd card (above) was wrong

c

¢ The following Segment Divisor card is needed to get 1/sr for n-spectra

sdl  0.02391 $ 2pi(cosO -cosb)
0.07155 $ 2pi(cosb - cos10)
0.28347 $ 2pi(cosl0 - cos20)
0.20976 $ 2pi(cos20 - cos2b)
0.54762 $ 2pi(cos25 - cos35)
0.70500 $ 2pi(cos35 - cos4b)
0.83900 $ 2pi(cos45 - cosb5)
1.97768 $ 2pi(cosb5 - cosT75)
1.07859 $ 2pi(cos75 - cos85)
2.17382 $ 2pi(cos85 - cos105)
1.02918 $ 2pi(cos105 - cos11b)
0.94850 $ 2pi(cosllb - cos125)
0.83900 $ 2pi(cosl125 - cos135)
0.70400 $ 2pi(cos135 - cos145)
0.54726 $ 2pi(cosl145 - coslbb)
0.58869 $ 2pi(cosl1b5 - cos180)
12.56637 $ 4pi

For comparison, in the first four commented lines above, we show the values used on the
SD1 card in the input file inp71 of the MCNPX test-problem adopted later also as a test-
problem for the MCNP6 Suite: /Testing/ MCNPX_EXTENDED /heavyions/. We can
see that the values of the solid angles shown on the commented lines from inp71 were not
correct; therefore, we use here our correct values, as shown above.

All other details of the input file are either described in the CEM Testing Primer [5] or are
self-explanatory; therefore, we do not discuss them here.

Spectra calculated by MCNP6 with LAQGSMO03.03 using the correct input, inp71corREP,
for angles of 0, 15, 30, 50, 80, and 110 (£5) degrees are tabulated in units of [mb/sr] in the
output file /VALIDATION_LAQGSM /Templates/LINUX /inp71corREP.o as tally 1
for “segments”:

1) segment: -5

2) segment: 5 10 -20

3) segment: 5 10 20 25 -35

4) segment: 5 10 20 25 35 45 -55

5) segment: 5 10 20 25 35 45 55 75 -85

6) segment: 5 10 20 25 35 45 55 75 85 -105 115

respectively, as well as in the MCTAL file inp7lcorREP.m. The same results but already
divided by the energy bins (after the MCNP6 calculations are completed, using a little auxiliary
routine we wrote to make this division, as mentioned above), to get the [1/MeV] units for our
spectra, providing the final units of [mb/MeV/sr], as measured and tabulated in the published
data, are presented in the files 0_m6REP.dat, 15_m6REP.dat, 30_.m6REP.dat, 50_.m6REP.dat,
80_.m6REP.dat, and 110_. m6REP.dat, respectively. These files are used by xmgrace to plot the
figure shown in the file He135Cu_xf4.pdf, presented below in Figure 3. The file He135Cu _xf4.fig
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Figure 3: Experimental neutron spectra [39, 40] at 0, 15, 30, 50, 80, and 110 degrees (symbols)
from a thin Cu target bombarded with a 135 MeV /nucleon *He beam compared with results
by LAQGSMO03 [41] and ISABEL [42] + MPM preequilibrium [50] 4+ Dresner evaporation [51]
model used as stand alone codes as published in Ref. [38], and with our current MCNP6
results using the LAQGSMO03.03 event generator and calculations by LAQGSMO03.03 [10] used
as a stand alone code, as indicated.

is a template for plotting this figure with xmgrace.

Besides the MCNPG6 results, for comparison, we present here also results by LAQGSMO03.03
used as a stand alone code (files 0_1.0303.dat, 15_1.0303.dat, 30_L0303.dat, 50_L0303.dat,
80_L.0303.dat, and 110_1.0303.dat, for angles of 0, 15, 30, 50, 80, and 110 degrees, respectively).

For comparison, we also present our earlier results by LAQGSMO03 [41] used as a stand alone
code (files: 0_laggsm03.dat, 15_laqgsm03.dat, 30_laqgsm03.dat, 50_laqgsm03.dat, 80_laqgsm03.dat,
and 110_laqgsm03.dat, respectively) and by ISABEL INC [42] followed by the MPM [50] pre-
equilibrium and Dresner evaporation model [51] used as a stand alone code (files: 0_isabel.dat,
15_isabel.dat, 30_isabel.dat, 50_isabel.dat, 80_isabel.dat, and 110_isabel.dat, respectively). These
earlier results are published in the paper [38].

The experimental data for this problem are published in figures of Ref. [39]. Tabulated
values of these data are taken from the CD distributed with the Handbook [40]. Experimental
neutron spectra in units of [mb/MeV/sr| for angles of 0, 15, 30, 50, 80, and 110 degrees
are presented in files 0_135He4Cub4exp.dat, 15_135He4Cub4exp.dat, 30_135He4Cubdexp.dat,
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50_135He4Cub4exp.dat, 80_135Hed4Cubdexp.dat, and 110135He4Cubdexp.dat, respectively, in
the subdirectory /VALIDATION_LAQGSM /Experimental data/inp71cor/, together
with files with all calculation result and figures.

From Figure 3, we see very good agreement between the MCNPG6 results calculated using
the NOACT=-2 option for the 8th parameter of the LCA card with the LAQGSMO03.03
event generator and the calculations by LAQGSMO03.03 used as a stand alone code. Both
these results agree well with the experimental data and with older calculations by LAQGSMO03
[41] and by ISABEL [42] + MPM preequilibrium [50] 4+ Dresner [51] evaporation model
used as a stand alone codes. The test-results obtained with the old input file inp71 of the
MCNPX test-problem adopted later also as a test-problem for the MCNP6 Suite: /Test-
ing/MCNPX_EXTENDED /heavyions/ do not agree well with the measured data. An
even worse agreement with the measured spectra at forward angles was obtained using the
initial version of MCNP6 and older versions of MCNPX, which both contained the implemen-
tation error mentioned in Section 3.1. As both these problems were solved, we do not present
here the wrong results. Now, both the MCNP6 and MCNPX 2.7.0 transport codes describe
well such neutron spectra from this and other similar nucleus-nucleus reactions.

3.3. Test-Problems #3: inp75cor_bREP

This MCNP6 exercise is to test the applicability of MCNP6 using the LAQGSMO03.03 event
generator for FRIB, the initial U.S. DOE project known as “Rare Isotope Production” (RIA),
updated in 2008 as “Facility for Rare Isotope Beams” (FRIB), presently under construction at
Michigan State University.

It is the last example we present in the current Primer which was used by us to study,
understand, and fix the “implementation bug” mentioned in Section 3.1.

Finally, this exercise is also to test a new capability of MCNP6, namely, to tally separately
particles and antiparticles (7" and 7~, in this example).

This problem calculates with MCNP6 the neutron, proton, deuteron, triton, *He, *He, as
well as charged and neutral pion angle-integrated energy spectra from interaction of a 400
MeV /A 238U beam with a thick °Li target. There are no measured data for this test-problem,
but extensive simulations with MCNPX for such interactions were performed several year ago
by Dr. Itacil Gomes [43, 44] to support the RIA project.

One of the main initial reasons to address this test-problem was to check some suspicious
MCNPX results for this reaction, presented at the ICRS11/RPSD2008 conference and published
in the LANL Report LA-UR-08-2218 [45], we detected only after the ICRS11/RPSD2008 con-
ference and publication of Ref. [45]. What made the situation even more difficult, is that
those suspicious MCNPX results were obtained with an MCNPX input similar to the one
adopted later in the MCNP6 Suite /Testing/ MCNPX_EXTENDED /heavyions/, as the
file inp75. Our main concern about those MCNPX results calculated using the LAQGSMO03.01
event generator was related with the neutron and proton spectra from a thick °Li target bom-
barded with a 400 MeV /nucleon ?**U beam shown on page 18 of Ref. [45]. In spite of the
fact that the incident energy of the beam was of only 400 MeV /nucleon, the nucleon spectra
emitted from the bombarded thick ®Li target were not vanishing and far from approaching a
zero value up to 2000 MeV, the maximum energy shown in the figure on page 18 of Ref. [45].
As the Fermi energy of the intranuclear nucleons is only of the order of several tens of MeV and
LAQGSM does not consider any collective or other “exotic” mechanisms which could provide
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such energetic secondary nucleons from the thick °Li target, that figure clearly indicates us that
something was wrong with those MCNPX results.

This is why we decided to investigate in detail this reaction with MCNPG6, looking at spec-
tra not only of nucleons, but of all secondary particles produced from such interactions, up to
their maximum possible energy, as calculated by MCNP6. Our initial results calculated with a
“historical” version of MCNP6 which used the same LAQGSMO03.01 [7] event generator as em-
ployed in the MCNPX calculations published in Ref. [45] shocked us: With a 400 MeV /nucleon
beam, we got spectra of nucleons emitted from our thick target with energies up to 5.4 GeV,
and pion spectra up to 2.5 GeV, which was undoubtably an error. Our investigation has shown
that this was related with the same unobserved error in the implementation of LAQGSMO03.01
in MCNPX and the initial version of MCNP6 discussed above in Section 3.1. After that error
was fixed, we get correct results for such (and other similar) reactions, as is proved below by
the results of the current test-problem.

The input file for this test problem is inp75cor_bREP. It is presented in the subdirectory
/VALIDATION_LAQGSM /Inputs/ and is also shown below.

inp75cor_ bREP:

RIA target test
115e-2 -3 -99

20 3 -99
99 0 99
1 pz 0.0
2 pz 1.0
3 ¢cx 1.5
99 so 100.0

mode # natdsh/ *xz

ml 3006 1
phys:# 100000
phys:n 10000
phys:h 10000
phys:a 10000
phys:t 10000
phys:d 10000
phys:s 10000
phys:/ 10000
phys:* 10000
phys:z 10000
lca 95 1
imp:# 1 10
imp:n 110

sdef par=92238 erg=95200 pos 0 0 -2 rad=dl axs 0 0 1 vec 0 0 1 dir 1
sil 0 0.2

spl -211

¢ nps 500
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nps 1le6

prdmp 2J -1

e0 0.0 99i 104000.0
f4:# 2

sdd4 1

fi:n 3

el 1 991 10000
fi11:h 3

ell 1 99i 10000
f21:a 3

e21 1 99i 10000
£31:4 3

e31 1 99i 10000
f41:¢t 3

e41 1 99i 10000
f51:s 3

ebl 1 99i 10000
£f71:/ 3

e71 1 99i 10000
£f81:% 3

e81 1 99i 10000
c f91:z 3

c e91 1 991 10000
f94:z 1

e94 1 99i 10000
f61:# 3

e61 1 99i 100000
print

cdbecn 20§ 0 75 1 2j 0 1
dbcn 20j O 5j -1 j 1 2j 0 1 § dbcn(27)=-1 provides pi+ separately of pi-

Let us mention that particle spectra from thick targets are usually calculated or measured
in units of [particles/MeV /projectile] and such spectra, generally, can not be compared directly
with spectra from thin targets which usually are presented in units of [mb/MeV(/projectile)].
In other words, we can not compare quantitatively the spectra calculated with MCNP6 from a
thick target with spectra calculated by LAQGSM used as a stand alone code from a thin target.
Besides, we do not have experimental data for the current problem. However, if we normalize
the spectra calculated with MCNP6 from our thick °Li target to the value of the total reaction
cross section (2880.24 mb) as calculated by LAQGSMO03.03 used as a stand alone code for this
reaction on a thin °Li target we could compare qualitatively the present spectra calculated with
MCNP6 with results by LAQGSMO03.03 used as a stand alone code. Buy doing so, we can at
least judge if the shape and the absolute value of the spectra calculated by MCNP6 from the
thick °Li target do not contradict the results obtained with LAQGSMO03.03 used as a stand
alone code for a thin °Li target. As any thick material causes particles to slows down and may
absorb all charged particles and ions transported through it, spectra of such particles and ions
from any thick target must be lower than the corresponding spectra from thin targets. Also,
they should have similar shapes, and must always encompass lower energies in comparison with
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spectra from thin targets.

Before presenting our results, let us mention here an important point about using the Mode
Card and Phys Card in MCNPG6: Initially, MCNP6 adopted the MCNPX concept to transport
both particles and antiparticles, if particles are listed on the mode and phys cards. This is
why in the initial version of the input file for this test-problem we have listed on these cards
only the 77, with its designator /, but do not list its antiparticle, the 7~ with its designator
*_ This was valid in the version of MCNP6 we had and used when we run this test-problem, in
April 2010. This approach really makes physics sense only for the electron/positron instance,
and is contrary to the usual practice among other high-energy codes, where particles and their
antiparticles are generally separate and separately-treated particle types (because their physics
is usually quite different). In other words, the initial MCNP6 approach adopted from MCNPX
would tally both 7 and 7~ together and would not allow us to calculate separately 7+ and 7~
spectra, as discussed in some other of our test-problems with MCNP6 using CEM [5]. In the
initial version of MCNPG6, the compromise has been to assume that the presence of a particle
on the Mode Card, and on appropriate tallies, implies the presence of the corresponding
antiparticle when MCNPX emulation is in force (specified by DBCN(29)=1; see the last
card of our current input file), but to keep particles and antiparticles separate when MCNP
emulation is effective (specified by DBCN(29)=0). This compromise was reasonable, but we
understand that the MCNP6 users need the capability to select this behavior independently
of the DBCNN(29) setting. This deficiency was solved in MCNP6 by Grady Hughes, when on
May 11, 2010 he produced a new and more universal version of MCNP6 implementing an extra
(backward compatibility) DBCN control, namely the DBCN(27) flag. Specifically, the logic
implemented by Grady Hughes in the new version of MCNPG6 is now as follows:

1) There will be no promotion of antiparticles in KCODE problems;

2) There will be no promotion of antiparticles for at most N, P, E problems;

3) Otherwise, DBCN(27) = 1 turns on promotion regardless of DBCN(29);

4) Or, DBCN(27) = -1 turns off promotion regardless of DBCN(29);

5) Otherwise, promotion is turned on when DBCN(29) = 1;

6) Or, off when DBCN(29) = 0.

To summarize, if users have an old version of MCNP6, they should uncomment the second
from the end (dbcn) card in the input file provided above, comment the last (dbcn) card,
comment the card phys:* 10000, and remove the 7~ designator * from the mode card. But
with a newer version of MCNPG, in order to transport 7—, the user should have the designator
of 7= (which is * in MCNPG6) on the mode card and have it on a phys card as well, as is
shown in the current input file inp75cor_bREP. In addition, the last (dbcn) card of the
current input file should be activate, while the second from the end card should be commented,
as is shown in our example.

More details on the use of the DBCN options in MCNP6 calculations can be found in the
recent report by Grady Hughes [46]. Let us note here that we are working at present to simplify
the use of the DBCN option for MCNP6 users; many details described in Ref. [46] will be of
interest only for MCNP6 developers, while the users will not need to know and/or (explicitly)
use them in their applications.

Energy spectra of n, p, ‘He, d, t, *He, 7+, 7, and 7° calculated with MCNP6 using the
LAQGSMO03.03 event generator with the input file inp75cor_bREP are tabulated as tallies 1,
11, 21, 31, 41, 51, 71, 81, and 91, respectively, in units of [particles/projectile] in the output
file inp75cor_bREP.o presented together with the MCTAL file inp75cor_ bREP.m in the
subdirectory /VALIDATION_LAQGSM /Templates/LINUX/.
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To plot these spectra with xmgrace, the same results, already divided by the energy bins
to get the calculated spectra in unites of [particles/MeV /projectile], are presented in the sep-
arate files n_ 6REP.dat, p_.6REP.dat, he4 6REP.dat, d_6REP.dat, t_6REP.dat, he3_6REP.dat,
pip_6REP.dat, and pim_6REP.dat, respectively. Finally, in order to compare qualitatively the
current MCNP6 results with spectra by LAQGSMO03.03 [10] and LAQGSMO03.01 [7] used as
a stand alone codes calculated from a thin °Li target in units of [mb/GeV], (and, also, [per
projectile]), while plotting the MCNPG6 spectra with xmgrace, we multiply them by 2880.23,
the value of the total inelastic cross section in [mb] as calculated by LAQGSMO03.03 used as
a stand alone code. We also must convert the MCNP6 units for particle energies of [MeV] to
[GeV], as used by LAQGSMO03.03 and plotted here.

Results by LAQGSMO03.01 [7] used as a stand alone code from a thin °Li target for energy
spectra of n, p, d, t, He, *He, 7", and 7~ in units of [mb/GeV] are presented in the files
n_0301.dat, p_0301.dat, d_0301.dat, t_0301.dat, he3_0301.dat, he4_0301.dat, pi+_0301.dat, and
pi-_0301.dat, respectively. Similar results in the same units by the latest version of LAQGSM,
LAQGSMO03.03 [10], are presented in the files n_-0303.dat, p-0303.dat, d_0303.dat, t_-0303.dat,
he3_0303.dat, he4_0303.dat, pi+_0303.dat, and pi-_0303.dat, respectively.

All the mentioned results are plotted with xmgrace and are presented in the subdirectory
/VALIDATION_LAQGSM/Experimental data/inp75cor/ in the pdf files n 6REP.pdf,
p-6REP.pdf, d 6REP.pdf, t 6REP.pdf, He3_6REP.pdf, He4 6REP.pdf, pip_6REP.pdf,
pim_6REP.pdf, as well as in the summary file with all eight plots U238_Li6_6REP.pdf. Tem-
plates for xmgrace are presented in the files n 6REP.fig, p_.6REP.fig, d_6REP.fig, t 6REP fig,
He3 6REP.fig, Hed 6REP.fig, pip_ 6REP.fig, pim_6REP.fig, respectively.

The final results for this test problem are shown below in Figure 4. We see that after the
correction the problem of implementation of LAQGSM in MCNP6/X, as described in Section
3.1, the shape of all spectra calculated with MCNP6 from our thick %Li target are very similar
to the ones provided by LAQGSMO03.01 [7] and LAQGSM03.03 [10] used as stand alone codes
from a thin °Li target. All spectra calculated with MCNP6 from the thick target are lower than
the corresponding spectra from thin targets calculated with LAQGSMO03.01 and LAQGSMO03.03
used as stand alone codes, and all encompass lower energies in comparison with spectra from
thin targets, just as we expected. These results prove to us that the mentioned problem observed
in the neutron and proton spectra shown on page 18 of Ref. [45] was solved, and we do not
need to show here the wrong results caused by that implementation problem. In both MCNP6
and MCNPX 2.7.0, that problem was solved.

3.4. Test-Problem #4: Pb1000LbREP

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03
event generator to describe backward emission of particles from thick targets bombarded by
intermediate-energy (200-1000 MeV) protons. To be specific, the main aim of this problem is
to study neutron emission at 175 degrees from a 1.0 GeV proton beam hitting a face plane of
a cylindrical lead target that is 20 cm in diameter and 25 c¢m thick.

First, we need such information for shielding consideration, to be able to prevent cases when
personnel may receive radiation from backward fluxes.

Second, it is much more difficult for all models to describe particle production at very
backward angles than at intermediate or forward angles; that is, this problem is a good test to
see how the LAQGSMO03.03 event generator works in such a “difficult” kinematics region.
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Figure 4: Energy spectra of n, p, d, t, 3He, *He, 7+, and 7~ from a °Li target bombarded with a
400 MeV /nucleon #*¥U beam calculated with LAQGSMO03.01 [7] and LAQGSMO03.03 [10] codes
used as stand alone codes (from a thin °Li target) and with MCNP6 using LAQGSM03.03
(from a thick %Li target; see details in the text), as indicated.
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Third, spectra of secondary particles at very backward angles are of great academic interest,
to understand the mechanisms of cumulative particle production, under investigation for four
decades already, but still with many open questions (see, e.g., Ref. [47]).

The experimental data for this problem were measured at the Institute of High Energy
Physics in Protvino, Russia using the calorimetric-time-of-flight (CTOF) technique and are
published in Ref. [48].

Though the current problem is to model only interaction of 1000 MeV protons with a cylin-
drical lead target of 20 cm in diameter and 25 cm thick, the measurements were performed
also at 200, 400, 600, and 800, MeV; therefore, we performed calculations with MCNP6 using
the LAQGSMO03.03 [10] event-generator at all these energies. In addition, for comparison, we
performed similar calculations with MCNP6, but using the CEM03.03 [6], Bertini INC [49]
followed by the Multistage Preequilibrium Model (MPM) [50] and the evaporation model de-
scribed with the Dresner code EVAP [51], and using the INCL4+ABLA [52, 53] event-generators.
For a broader comparison, we use here also the results obtained at ORNL and kindly supplied us
by Wei Lu and Franz Gallmeier with the 2.6.0 version of MCNPX [35] using CEM03.01 [8] (see
more details in Ref. [48]). All these results are shown in Figure 5 together with the experimental
data from Ref. [48].

Below, we present only the MCNPG6 input for the case of 1000 MeV bombarding protons;
it is called Pb1000LbREP. This input is more complicated than we had for the previous
test-problems, therefore we provide also all the necessary information to help MCNP6 users
understand all its details.

Pb1000LbREP:

MCNP6 test: 175 deg. n-spec. by LAQGSM03.03 to compare with exp. data
c

c *xcellcards *x*

C
1 1-11.35 -1 2 -3 $ m1 is Lead
2 2 -0.001168 #1 -5
3 0 5 -6
6 O 6

999 O -999

c

c xkxkxgurface card

o
1 cz 10 $ diameter = 20 cm
2 pz 0.0
3 pz 25.0 $ 25 cm thick
5 so 600
6 so 800
7 pz -597.8168189
8 pz -597.6168189

999 «cz 10.000001
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¢ * Data Cards

c %

o

C Material cards
c

mil 82204.70h 1.400

82206.70h 24.100
82207 .70h 22.100
82208.70h 52.400
m2 7014.70h 1.555901784
7015.60c 0.005778216
8016.70h 0.448606754
8017.60c 0.001079246
1001.70h 0.06
18000.35¢c 0.00934
6000.60c 0.000383
c
¢ 1importances
imp:n 1110
imp:
imp:
imp:
imp:
imp:
imp:
imp:
imp:
c *

N Np 0 o ao B
Y HY =
e = el = =
I = T = = N S S S S
O O O O O O O O
O O O O O O O o o

¢ * source definition
c *
sdef erg=1000 par=h dir=1 vec= 0 0 1 x=d1 y=d2 z=0 ccc=999
spl -41 2.4 0
sp2 -41 2.4 0
nps  le7
c nps 1000
print 10 110 40
prdmp 2.e7 1.e6 1 10 1e6
LCA 9j 1
LCB 0 0 0 0 0 3500
c

c tally

c

Fii:n 5

SD11 1 753.9822369 1
FS11 -7 -8

FQ11 eu

TF11 6j 21
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E11  1.059254E-03 1.188502E-03 1.333521E-03 1.496236E-03 1.678804E-03
1.883649E-03 2.113489E-03 2.371374E-03 2.660725E-03 2.985383E-03
3.349654E-03 3.758374E-03 4.216965E-03 4.731513E-03 5.308844E-03
5.956621E-03 6.683439E-03 7.498942E-03 8.413951E-03 9.440609E-03
1.059254E-02 1.188502E-02 1.333521E-02 1.496236E-02 1.678804E-02
1.883649E-02 2.113489E-02 2.371374E-02 2.660725E-02 2.985383E-02
3.349654E-02 3.758374E-02 4.216965E-02 4.731513E-02 5.308844E-02
5.956621E-02 6.683439E-02 7.498942E-02 8.413951E-02 9.440609E-02
1.059254E-01 1.188502E-01 1.333521E-01 1.496236E-01 1.678804E-01
1.883649E-01 2.113489E-01 2.371374E-01 2.660725E-01 2.985383E-01
3.349654E-01 3.758374E-01 4.216965E-01 4.731513E-01 5.308844E-01
5.956621E-01 6.683439E-01 7.498942E-01 8.413951E-01 9.440609E-01
1.059254E+00 1.188502E+00 1.333521E+00 1.496236E+00 1.678804E+00
1.883649E+00 2.113489E+00 2.371374E+00 2.660725E+00 2.985383E+00
3.349654E+00 3.758374E+00 4.216965E+00 4.731513E+00 5.308844E+00
5.956621E+00 6.683439E+00 7.498942E+00 8.413951E+00 9.440609E+00
1.059254E+01 1.188502E+01 1.333521E+01 1.496236E+01 1.678804E+01
1.883649E+01 2.113489E+01 2.371374E+01 2.660725E+01 2.985383E+01
3.349654E+01 3.758374E+01 4.216965E+01 4.731513E+01 5.308844E+01
5.956621E+01 6.683439E+01 7.498942E+01 8.413951E+01 9.440609E+01
1.059254E+02 1.188502E+02 1.333521E+02 1.496236E+02 1.678804E+02
1.883649E+02 2.113489E+02 2.371374E+02 2.660725E+02 2.985383E+02
3.349654E+02 3.758374E+02 4.216965E+02 4.731513E+02 5.308844E+02
5.956621E+02 6.683439E+02 7.498942E+02 8.413951E+02 9.440609E+02
1000

EM11 360000 120r $ unit: n/sr/p

c

mode n hpdtsa/z

phys:h  1500.

phys:n  1500.

phys:p 1500

phys:/ 1500

phys:z 1500

DBCN 28j 1

First, in the the input file Pb1000LbREP, we see that the lead cylinder, 20 cm in diameter
and lying in the Z-axis from Z = 0 cm to Z = 25 cm, serves as the target for this problem and
fills cell #1:

1 1-11.36 -12 -3 $ ml is Lead

defined by the surface cards:

1 cz 10 $ diameter = 20 cm
2 pz 0.0
3 pz 25.0 $ 25 cm thick .
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Its material is defined also as #1, m1, as indicated by the useful comment on the cell card.
The density of Pb is defined on the cell card as equal to 11.35 g/cm?, and its composition is
defined by the material cards:

ml 82204.70h 1.400
82206.70h 24.100
82207.70h 22.100
82208.70h 52.400

As in the real experiment [48], the target was in a room filled with air. In our MCNP6
test-problem we surround the Pb-cylinder also with air, composed in our example of N, O, H,
Ar, and C. The air is defined as material #2:

m2 7014.70h 1.555901784
7015.60c 0.005778216
8016.70h 0.448606754
8017.60c 0.001079246
1001.70h 0.06
18000.35c 0.00934
6000.60c 0.000383 .

In our problem, the air fills cell #2 and has a density of 0.001168 g/cm3:
2 2 -0.001168 #1 -5 .

The surface #5 is a sphere centered at origin with a radius R = 600 cm. Later, we tally our
neutrons with the tally card F11 just on the surface of this sphere

Fil:n 5.

This means, we are not interested in what happens outside this sphere and can define all the
“outside world”, beyond this sphere, as “void”; the outside cells #3, #6, and #999 are of
zero-density:

3 0 5 -6
6 O 6
999 0 -999 .

This also means that we do not need to track particles in cells #6 and #999, and can set
“importances” of all particles to 0 in these cells:

imp:n 11100
imp:h 11100
imp:p 11100
imp:d 11100
imp:t 11100
imp:s 11100
imp:a 11100
imp:/ 11100
imp:z 11100
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The beam of 1.0 GeV bombarding protons is defined on the sdef card:
sdef erg=1000 par=h dir=1 vec= 0 0 1 x=dl y=d2 z=0 ccc=999 .

It is a mono-directional beam (dir=1) of protons (par=h) in the Z-direction (vec= 0 0 1)
starting at Z = 0 (z=0) but, to account for the profile of the real experimental beam [48], it has
a Gaussian distribution in both X- and Y-directions, as defined by the Source Probability
cards:

spl -41 2.4 0
sp2 -41 2.4 0 .

The built-in function number 41, used as a negative number on both spl and sp2 cards with
the same parameters (2.4 0) identifies Gaussian distributions in both X- and Y'-directions with
the widths at half maximum (FWHM) of 2.4 cm and the mean of 0, i.e., with their maximum
at X =0and Y = 0.

Note that on the sdef card, we use also the “Cookie-cutter rejection” (ccc=999), which
accepts the simulated distribution of protons if it is within the cell #999; i.e., inside the cylinder
of radius Rggg = 10.000001 c¢m in the Z-direction, as defined by the surface #999

999 «cz 10.000001

and reject and resample it (truncate, so that all protons are inside this cylinder), if is not (see
pages 3-52 to 3-68 in [3] for more details).

As our problem is symmetric about the Z-axis, we can tally the neutrons on a “ring” we cut
from the sphere with a radius R = 600 cm defined by surface #5. If we cut this “ring” from the
sphere with planes perpendicular to the Z-axis, Z; = —597.8168189 and Zg = —597.6168189,
as defined by the surface cards

7 pz -597.8168189
8 pz -597.6168189 ,

then the middle of the ring Z,, = —597.7168189 determines an angle of 175 degree about the
beam direction (600 cmx cos5° = 597.7168189 cm), i.e., exactly the angle where we want the
neutrons tallied. Then, we can use the Tally Segment Card:

FS11 -7 -8

allowing us to subdivide the surface of the whole sphere into three sections, below Z; =
—597.8168189, above Zg = —597.6168189, and between Z; = —597.8168189 and Zz = —597.6168189
and to calculate the neutron current with the card

Fil:n 5

integrated over each of them, separately. The middle segment will provide us the current of
neutrons emitted from the cylinder-target exactly at 175° — what we need in this problem.
Let us remind users that MCNPG6 provides the results in units of neutrons per incident
proton, while the experimental spectra were measured in units of neutrons/sr/MeV per
incident proton. It is very easy to get the units of [1/MeV] for the MCNPG6 spectra: For this,
we need to divide the final MCNP6 results of the middle segment (7 -8) by the values of the
corresponding energy bins, whose 121 boundaries are defined by the Tally Energy Card:
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El1 1.059254E-03 1.188502E-03 1.333521E-03 1.496236E-03 1.678804E-03
5.956621E+02 6.683439E+02 7.498942E+02 8.413951E+02 9.440609E+02
1000 .

MCNP6 could do this division for us providing [1/MeV] in the calculated spectra, if we would
instruct MCNP6 to do so with a corresponding Energy Multiplier Card in our input file.
We do so, e.g., in test-problems #6, #7, and #8 of the CEM Testing Primer [5] which have
simpler input files. In the current test-problem, to keep the input file as simple as possible,
we chose to not use this capability, but to divide instead the spectra from the final MCNP6
output files by the corresponding energy bins using a little post processing routine after the
calculations are completed, just to get the needed units for plotting the final MCNP6 spectra.

It is a little more complicated to get the units of [1/sr] in the final spectra in this test-
problem. For this, we divide the neutron spectrum tallied in the middle segment by the value
of the solid angle of this segment. The solid angle © (in [sr]) of the “ring” where we tally
neutrons is equal to the area of this ring, Sy, = 2rRh (where h is the “height” of the ring,
i.e., h = (Zs—Z7) = 0.2 cm, and R is the radius of the sphere, R = 600 cm), divided by the area
of the whole sphere, Sgphere = 47 R?, and multiplied by 47: Q = (2rRh/4wR?) X 4m. This is
the same as multiplying the tallied spectra by the inverse of this quantity, Q= = R?/27Rh. To
get [1/sr] in our final spectrum, we need to divide the tallied spectrum by 27 Rh = 753.9822369
([em?]) and to multiply it by R? = 360000 ([cm?]). Here, we do the division for our middle
segment with the Segment Divisor Card (SD11)

SD11 1 753.9822369 1
and multiply our spectra, at all 121 energy bins with the Energy Multiplier Card (EM11):
EM11 360000 120r $ unit: n/sr/p .

The energy of the bombarding proton beam is quite high, 1.0 GeV, and will produce nu-
merous neutrons; we need to detect all of these emitted neutrons from our thick target. Some
of the emitted neutrons are produced not directly by the bombarding protons, but via subse-
quent interactions inside the target of all types of secondary particles produced in an initial
proton-iron collision. LAQGSMO03.03, CEMO03.03, and other event generators tested here can
produce n, p, d, t, 3He, *He, 7+, 7%, and 7~ from an p+PDb interaction; therefore, we need to
transport all these particles through our target. This is guaranteed using the Mode Card:

mdenhpdtsa/z
together with the Phys Cards:
phys:h  1500.

phys:n  1500.
phys:p 1500
phys:/ 1500
phys:z 1500 .

Note that we do not need to specify additional phys cards to obtain the maximum energies
of d, t, 3He, and *He: They will be set to 1500 MeV for all particles. We can check this with
Print Table 101, which provides us detailed information about all tracked particles, by adding
101 on the print card, like:
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print 10 110 40 101 .
Finally, let us note here that the Print Hierarchy Card (FQ)
FQ11 eu
and the Tally Fluctuation Card (TF)
TF11 6j 21

are very useful for ordering printed output, by changing the default bin for a given tally speci-
fying for which tally bin the chart and all the statistical analysis output will be printed. Both
these cards are highly recommended for some problems in the MCNP5 and MCNPX manu-
als [3, 35]. However, in this particular test-problem, these cards are included more like examples
and do not actually affect the neutron spectra we calculate here; in principle, we could omit
both these cards in our MCNPG6 input file and would get the same results.

As this problem requires quite a long computing time, we calculate it in several steps, using
the Continue-Run option. Initially, we have run MCNP6 for several hours using the initial
input file shown above with the command: mcnp6 i=Pb1000LbREP n=Pb1000LbREP..
The initial run provides us the output file Pb1000LbREP.o0, the RUNTPE file Pb1000LbREP.r,
and the MCTAL file Pb1000LbREP.m. In a second run, we would use only the RUNTPE
file Pb1000LbREP.r from the first run and an auxiliary simple input file inp-con of only two
cards

nps le7
continue

using the command: mcnp6 ¢ i=inp-con o=Pb1000LbREPc.0 m=Pb1000LbREPc.m
r=Pb1000LbREP.r. Thereafter, if needed, we can make a third run, and so on (changing
every time only the names of the corresponding output and MCTAL files) until we get the
needed statistics.

The initial output file of this test-problem, Pb1000LbREP.o, together with the final
output Pb1000LbREP 7c.o0 and MCTAL Pb1000LbREP 7c.m files are presented in the
subdirectory /VALIDATION_LAQGSM /Templates/LINUX/. As mentioned above, the
MCNP6 output file Pb1000LbREP 7c.o provides for the middle segment, between surfaces
7 -8, the neutron spectrum at 175° in units of [neutrons/sr/proton], looking like:

surface 5
segment: 7 -8
energy
1.0593E-03  0.00000E+00 0.0000
1.1885E-03 4.77316E-05 1.0000
1.3335E-03 9.53951E-05 0.7071
1.0000E+03  0.00000E+00 0.0000
total 1.37965E+00 0.0059
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Figure 5: Experimental neutron spectra [48] at 175 degrees (symbols) from a thick Pb cylin-
der bombarded with 200, 400, 600, 800, and 1000 MeV protons compared with results by
MCNP6 using the CEMO03.03 [6], LAQGSMO03.03 [10], Bertini INC [49] + Multistage Preequi-
librium Model [50] + Dresner evaporation [51] + RAL fission model [26], and with INCL [52]
+ ABLA [53] event-generators, as well as with results by the 2.6.0 version of MCNPX [35]
obtained by Wei Lu and Franz Gallmeier at ORNL using CEMO03.01 [8], as indicated.

To plot this spectrum and compare it with the experimental data and results by other codes
(see Figure b), we convert it so that we have results in units of [1/MeV]. We do this separately
with a little post processing routine written especially for this.

As the measurements [48] and calculations by other codes were done not only for incident
protons of 1000 MeV, but also at 800 MeV, 600 MeV, 400 MeV, and 200 MeV, we performed
calculations with MCNPG at all these energies as well. For this, we had to change in the input
file shown above only the incident energy of protons on the sdef card.

Our final MCNPG6 results using LAQGSMO03.03 for the incident proton energies of 1000, 800,
600, 400, and 200 MeV are presented in the files pb1000rep.dat, pb800rep.dat, pb600rep.dat,
pb400rep.dat, and pb200rep.dat, of the subdirectory
/VALIDATION_LAQGSM /Experimental data/Pb1000Lb/ and are plotted with xm-
grace, as shown in Figure 5 and in the pdf file pPb.n MCNP6_REP.pdf of the same subdi-
rectory. A template to plot this figure with xmgrace is presented there as well in the file

36



pPb.n_ MCNP6_REP fig.

Experimental spectra in units of [neutron/MeV /sr/projectile] as functions of the neutron
energy at incident proton energies of 1000, 800, 600, 400, and 200 MeV are presented in the
same subdirectory in the files Pb1000_exp.dat, Pb800_exp.dat, Pb600_exp.dat, Pb400_exp.dat,
and Pb200_exp.dat, respectively (the experimental errors are of the order of 8.5-9%, depending
on the neutron energy).

For comparison, MCNP6 neutron spectra calculated with the CEMO03.03 [6], Bertini [49] +
MPM [50] + Dresner [51] + RAL [26], and INCL [52] + ABLA [53] event-generators at proton
energies of 200, 400, 600, 800, and 1000 MeV are presented in the files Pb200C.dat, Pb400C.dat,
Pb600C.dat, Pb800C.dat, and Pb1000C.dat for CEMO03.03, in the files Pb200B.dat, Pb400B.dat,
Pb600B.dat, Pb800B.dat, and Pb1000B.dat for Bertini+ MPM+Dresner+RAL, and in the files
Pb200I.dat, Pb400I.dat, Pb600I.dat, Pb800I.dat, and Pb1000I.dat for INCL+ABLA, respec-
tively.

Finally, results by MCNPX2.6.0 [35] using the CEMO03.01 [8] event-generator obtained at
ORNL and kindly supplied us by Wei Lu and Franz Gallmeier as published in Ref. [48] for
the incident proton energies of 200, 400, 600, 800, and 1000 MeV are presented in the files
Pb200C_X.dat, Pb400C_X.dat, Pb600C_X.dat, Pb800C_X.dat, and Pb1000C_X.dat, respec-
tively.

All these results are shown in Figure 5. We see that MCNP6 using LAQGSM03.03 describes
well the experimental spectra [48] and agrees very well with results obtained with MCNP6
using CEMO03.03, Bertini+ MPM+Dresner+RAL, and INCL+ABLA event-generators, and with
results by MCNPX using CEM03.01.

3.5. Test-Problems #5: inplO5REP with inp_inpl05

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03
event generator to calculate production of protons from intermediate energy heavy-ion induced
reactions for different NASA (shielding for missions in space), medical (cancer treatment with
heavy-ions), FRIB (Facility for Rare Isotope Beams), and for several U.S. DOE applications.

This test calculates with MCNPG6 the proton double-differential spectra at 30, 70, 90, 110,
and 150 degrees from interaction of a 1042 MeV /nucleon *°Ar beam with a thin *°Ca target
and compares the results with experimental data and with calculations by the LAQGSMO03.03
event generator used as a stand alone code.

We calculate this test-problem using the NOACT=-2 option for the 8th parameter of the
LCA card of the MCNPG6 input file. As we have presented a detailed description of the use of
NOACT=-2 option to calculate particle spectra from thin targets in the test-problem #6 of
the CEM Testing Primer [5], and have provided additional examples of its use in test problems
#7 and #8 of Ref. [5], we do not need to discuss in detail the input and output files for this case.
Therefore, we limit ourselves to only providing the text of the input file as well as describing
where to find the results in the MCNP6 output files.

The input file for this test problem is inplO5REP. It is presented in the subdirectory
/VALIDATION_LAQGSM /Inputs/ and is also shown below.

inplO5REP:

MCNP6 test with LAQGSM03.03: 1042 MeV/A Ar40+Ca40 -> p spectra
c at 30, 70, 90, 110, and 150 deg to compare with Sandoval’s et al.
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C measurements and results by LAQGSM03.03 as a stand alone code

1 1 -10 -501 imp:h=1
2 0 501 -502 imp:h=1
99 0 502 imp:h=0

501 so 0.01
502 so 1

¢ tally surfaces
c

5 kz 0  0.007654253 1
10 kz 0  0.031091151 1
15 kz 0  0.071796643 1
20 kz 0  0.132474088 1
25 kz 0  0.217442414 1
30 kz 0  0.333332652 1
35 kz 0  0.49028952 1
40 kz 0  0.704086505 1
45 kz 0  0.999997346 1
50 kz 0  1.420272373 1
55 kz 0  2.03959969 1
60 kz 0  2.999987744 1
65 kz 0  4.598886921 1
70 kz 0  7.548583695 1
75 kz 0  13.92808003 1
80 kz 0  32.16299385 1
85 kz 0  130.6423246 1
90 pz 0

95 kz 0  130.6503105 -1
100 kz 0  32.16399202 -1
105 kz 0  13.92837571 -1
110 kz 0  7.548708346 -1
115 kz 0  4.598950644 -1
1200 kz 0  3.000024513 -1
1256 kz 0  2.039622728 -1
130  kz 0  1.420287681 -1
135  kz 0  1.000007961 -1
140  kz 0  0.704094093 -1
145  kz 0  0.490295058 -1
150 kz 0  0.333336738 -1
155 kz 0  0.217445427 -1
160 kz 0  0.132476276 -1
165 kz 0  0.071798167 -1
170 kz 0  0.031092115 -1
175  kz 0  0.007654721 -1

mode n hdtsa#/x*xz
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ml 20040 1
lca7j -2 j1 $ LAQGSM, no transport, only the 1st inelstic interaction
¢ nps 1000

nps le6
prdmp 2j -1
sdef par=18040 erg=41680 vec=0 0 1 dir 1
phys:# 45000
phys:h 3100
phys:n 3100
phys:a 6000
phys:d 5000
phys:t 5200
phys:s 5200
phys:/ 2200
phys:* 2200
phys:z 2200
c

fi:h 502

¢ defining our "segments" for angles of 30, 70, 90, 110, and 150 deg

fs1 -25 -35 -65 -75 -85 95 105 115 145 1656 T

c

c The following Segment Divisor card is needed to get 1/sr for p-spectra
sdl  0.58869 2pi(cos0 -cos25)

$
0.54762 $ 2pi(cos25 - cos35)
2.49150 $ 2pi(cos35 - cos65)
1.02918 §$ 2pi(cos65 - cos75)
1.07859 $ 2pi(cos75 - cos85)
1.09523 $ 2pi(cos85 - cos95)
1.07859 $ 2pi(cos95 - cos105)
1.02918 $ 2pi(cos105 - cos11b)
2.49150 $ 2pi(cosllb5 - cos145b)
0.54762 $ 2pi(cos145 - cos155)
0.58869 $ 2pi(cosl1b5 - cos180)

$

12.56637 $ 4pi
Boundaries of the proton energy bins: 0-1 MeV; 1-3 MeV,
tabulated exactly as used by LAQGSMO03.03 as stand alone code

el 1 3 5 7 9 11 13 15 17 19
22 27 32 37 42 47 52 57 62 67
72 77 82 87 92 97 1056 115 125 135
145 166 165 175 185 195 205 2156 225 235
245 265 265 275 285 295 305 315 325 335
345 355 365 375 385 395 405 415 425 435
445 455 465 475 485 495 505 515 525 535
545 555 565 575 585 595 605 615 625 635
645 655 665 675 685 695 705 715 725 735
745 755 765 775 785 795 805 815 825 835
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845 8556 865 875 885 895 9056 915 9265 935
945 9556 965 976 985 995 1025 1075 1126 1175
1225 1275 1325 1375 1425 1475 1525 1575 1625 1675
1725 1775 1825 1875 1925 1975 2025 2075 2125 2175
2225 2275 2325 2375 2425 2475 2525 2575 2625 2675
2725 2775 2825 2875 2925 2975 30256 3075 3125 3175
3225 3275 3325 3375 3425 3475 3525 3575 3625 3675
3725 3775 3825 3875 3925 3975 4025 4075 4125 4175
4225 4275 4325 4375 4425 4475 4525 4575 4625 4675
4725 4775 4825 4875 4925 4975 5025 5075 5125 5175

eml 2200.92 199r $ multiply to sig_inelastic = 2200.92 mb, as predicted by

c LAQGSM03.03 in Ar1042Ca_a.out of 05/21/2010. This is needed
c to get the spectra in [mb/sr/MeV], after dividig the flux

c to the energy bins, to get [1/MeV]; we do this for every E-bin
c

c

e0 6000

fil:n 502

f21:h 502

£31:d 502

f41:t 502

fb1:s 502

f6l:a 502

£71:/ 502

£81:z 502

f91:x 502

cdben 20 O 7§ 1 2j 0 1
dbcn 20j O 5j -1 j 1 2j 0 1 § dbcn(27)=-1 provides pi+ separately of pi-

The experimental data for this problem were measured at the Berkeley Bevalac by an
international team and were presented and discussed in the paper [54]. The complete set of
experimental data is tabulated in the 118 page AIP document No. PAPS PRVCA 21-1321-118
available upon request from the Physics Auxiliary Publication Service of the American Institute
of Physics.

Experimental proton spectra d?c/dT/dS) in units of [mb/sr/MeV] as functions of pro-
ton kinetic energy in [MeV] at 30, 70, 90, 110, and 1530 degrees are presented in the files
Ar1042Ca_30_p.dat, Ar1042Ca_70_p.dat, Ar1042Ca_90_p.dat, Ar1042Ca_110_p.dat, and
Ar1042Ca_150_p.dat, respectively. For convenience of plotting all angles on a single figure and
to compare spectra at different angles with each other, the experimental data at 70 degrees
were multiplied by 107!, at 90 degrees by 1072, at 110 degrees by 1073, and at 150 degrees by
1074, as is shown on the plot (see file Ar1042Ca_p_6REP.pdf).

Proton spectra by MCNPG6 at 30, 75, 90, 110, and 150 (£5) degrees are tabulated in units of
[mb/sr/projectile] in the final MCNP6 output file inpl05REP _c.o shown in the subdirectory
/VALIDATION_LAQGSM/Templates/LINUX/ (calculated with the “continue” option
using the auxiliary input file inp_inpl05; the first MCNPG6 output calculated with the main
input file, inplOS5REP, is inplOSREP.o; it is shown in the same subdirectory ) as tally 1,
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respectively in the “segments”:

1) segment: 25 -35

2) segment: 25 35 65 -75

3) segment: 25 35 65 75 85 95

4) segment: 25 35 65 75 85 -95 -105 115

5) segment: 25 35 65 75 85 -95 -105 -115 -145 155

and in the final MCTAL file inpl05REP _c.m.

Note that to get the units of [mb] needed for normalization of the calculated spectra to
the total reaction cross section, we used the Energy Multiplier card EM1 in our input file
inplOS5REP with the value 2200.92 on it for all the 200 energy bins of our tally F1: 2200.92 is
the value of the total inelastic (reaction) cross section in [mb] as predicted by LAQGSMO03.03
used for this reaction as a stand alone code. In a similar manner, to get the units of [1/sr] for
the calculated spectra, we used in our input file the Segment Divisor card SD1 with values
of the solid angles for each “segment” corresponding to the angles of 30, 75, 90, 110, and 150
(£5) degrees. To get the calculated double differential spectra d?c/dT/dQ) at these angles in
conventional units of [mb/sr/MeV], we still divide the tables from the MCNPG6 output file at
the “segments” described above to the values of the energy bins. We do this separately with a
little post processing routine written especially for this, as mentioned in the previous section.

To plot our proton spectra with xmgrace (see file Ar1042Ca_p_6REP.pdf), the final MCNP6
results obtained as described above are copied to separate files 30_p_6REP.dat, 70_p_6REP.dat,
90_p_6REP.dat, 110_p_6REP.dat, and 150_p_6REP.dat, respectively. Besides the MCNP6 re-
sults, for comparison, we present here also results by LAQGSMO03.03 as a stand alone code
(files: 30_p_l.dat, 70_p_l.dat, 90_p_l.dat, 110_p_l.dat, and 150_p_l.dat, respectively).

The file Ar1042Ca_p_6REP fig is a template for plotting the figure with xmgrace. The pdf
file for the figure with final results for this problem is Ar1042Ca_p_6REP.pdf. All these files are
presented in the subdirectory /VALIDATION_LAQGSM /Experimental data/inpl05/.

Our results are shown below in Figure 6. We see that MCNP6 using LAQGSMO03.03 de-
scribes well the measured proton spectra [54] and agrees very well with results obtained with
LAQGSMO03.03 event generator used as a stand alone code.

3.6. Test-Problems #6: Ne800Cu_REP with inp_6.7e6

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03 event
generator to calculate production of deuterons from intermediate energy heavy-ion induced
reactions for different NASA (shielding for missions in space), medical (cancer treatment with
heavy-ions), FRIB (Facility for Rare Isotope Beams), and for some U.S. DOE applications.

This test calculates with MCNP6 the deuteron invariant spectra at 30, 45, 60, 90, and 130
degrees from interaction of a 800 MeV /A ?°Ne beam with a thin ®*Cu target and compares the
results with experimental data and with results by the LAQGSMO03.03 event generator used as
a stand alone code.

We calculate this test-problem using the NOACT=-2 option for the 8th parameter of the
LCA card of the MCNPG6 input file. As we have presented a detailed description of the use of
NOACT=-2 option to calculate particle spectra from thin targets in the test-problem #6 of
the CEM Testing Primer [5], and have provided additional examples of its use in test problems
#7 and #8 of Ref. [5], we do not need to discuss in detail the input and output files for this case.
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Figure 6: Experimental proton spectra [54] at 30, 70, 90, 110, and 150 degrees (symbols) from
a thin 1°Ca target bombarded with a 1042 MeV /nucleon “°Ar beam compared with results
by LAQGSMO03.03 [10] used as a stand alone code and by MCNPG6 using the LAQGSMO03.03

event-generator, as indicated.

Therefore, we limit ourselves to only providing the text of the input file as well as describing
where to find the results in the MCNP6 output files.

The input file for this test problem is Ne800Cu_REP. It is presented in the subdirectory
/VALIDATION_LAQGSM /Inputs/ and is also shown below.

Ne800Cu_REP:

MCNP6 test with LAQGSM03.03: 800 MeV/A Ne20+Cu64 -> d invariant spectra
c Ed"3sigma/d"3p [mb/GeV~"2/c~-3/sr] at 30, 70, 90, 110, and 150 deg

c to compare with Nagamiya’s et al. measurements (LBL-8463)

¢ and results by LAQGSM03.03 as a stand alone code
1
2

1 -10 -501 imp:h=1
0 501 -502 imp:h=1
99 0 502 imp:h=0
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502 so0 1
c
¢ tally surfaces

5 kz 0 0.007654253 1
10 kz 0 0.031091151 1
15 kz 0 0.071796643 1
20 kz 0 0.132474088 1
25 kz 0 0.217442414 1
30 kz 0 0.333332652 1
35 kz 0 0.49028952 1
40 kz 0 0.704086505 1
45 kz 0 0.999997346 1
50 kz 0 1.420272373 1
55 kz 0 2.03959969 1
60 kz 0 2.999987744 1
65 kz 0 4.598886921 1
70 kz 0 7.548583695 1
75 kz 0 13.92808003 1
80 kz 0 32.16299385 1
85 kz 0 130.6423246 1
90 Pz 0

95 kz 0 130.6503105 -1
100 kz 0 32.16399202 -1
105 kz 0 13.92837571 -1
110 kz 0 7.548708346 -1
115 kz 0 4.598950644 -1
120 kz 0 3.000024513 -1
125 kz 0 2.039622728 -1
130 kz 0 1.420287681 -1
135 kz 0 1.000007961 -1
140 kz 0 0.704094093 -1
145 kz 0 0.490295058 -1
150 kz 0 0.333336738 -1
155 kz 0 0.217445427 -1
160 kz 0 0.132476276 -1
165 kz 0 0.071798167 -1
170 kz 0 0.031092115 -1
175 kz 0 0.007654721 -1

mode n hdtsa#/ %z

ml 29064 1

lca7j -2 j1 $ LAQGSM, no transport, only the 1st inelstic interaction
¢ nps 50000

nps le7

¢ prdmp 2j -1

sdef par=10020 erg=16000 vec=0 0 1 dir 1
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phys:# 16000
phys:h 3100
phys:n 3100
phys:a 6000
phys:d 5000
phys:t 5200
phys:s 5200
phys:/ 2200
phys:* 2200
phys:z 2200
c

fi:d 502

c defining our °‘segments" for angles of 30, 45, 60, 90, and 130 deg

fs1 -25 -35 -40 -50 -55 -65 -85 95 105 115 125 135 T

c

c The following Segment Divisor card is needed to get 1/sr for d-spectra
sdl  0.58869 2pi(cosO -cos25)

$
0.54762 $ 2pi(cos25 - cos35)
0.33368 $ 2pi(cos35 - cos40)
0.77445 $ 2pi(cos40 - cos50)
0.43487 $ 2pi(cosb0 - cosbb)
0.94850 $ 2pi(cosb5 - cos65)
2.10777 $ 2pi(cos65 - cos85)
1.09523 $ 2pi(cos85 - cos95)
1.07859 $ 2pi(cos95 - cos105)
1.02918 $ 2pi(cos105 - cos11b)
0.94850 $ 2pi(cosllb - cos125)
0.83900 $ 2pi(cosl125 - cos135)
1.84030 $ 2pi(cos135 - cos180)

$ 4pi

12.56637 $ 4pi
Boundaries of the proton energy bins: 0-1 MeV; 1-3 MeV,
tabulated exactly as used by LAQGSMO03.03 as stand alone code

el 1 3 5 7 9 11 13 15 17 19
22 27 32 37 42 47 52 57 62 67
72 77 82 87 92 97 106 115 125 1356
145 1656 165 175 185 195 206 215 225 235
245 265 265 275 285 295 305 315 325 335
345 355 365 375 385 395 405 415 425 435
445 455 465 475 485 495 505 515 525 535
545 555 565 575 585 595 605 615 625 635
645 655 665 675 685 695 705 715 725 735
745 755 765 775 785 795 805 815 825 835
845 855 865 875 885 895 905 915 925 935
945 955 965 975 985 995 1025 1075 1125 1175
1225 1275 1325 1375 1425 1475 1525 1575 1625 1675
1725 1775 1825 1875 1925 1975 2025 2075 2125 2175
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2225 2275 2325 2375 2425 2475 2525 2575 2625 2675
2725 2775 2825 2875 2925 2975 3025 3075 3125 3175
3225 3275 3325 3375 3425 3475 3525 3575 3625 3675
3725 3775 3825 3875 3925 3975 4025 4075 4125 4175
4225 4275 4325 4375 4425 4475 4525 4575 4625 4675
4725 4775 4825 4875 4925 4975 5025 5075 5125 5175
c
eml 2085.63 199r $ multiply to sig_inelastic = 2085.63 mb, as predicted by

c LAQGSM03.03 in Ne800Cu.out of 06/14/2010. This is needed

c to get the spectra in [mb/sr/MeV], after dividig the flux

c to the energy bins, to get [1/MeV]; we do this for every E-bin;
¢ Then, we will multiply these double-differential spectra, d~2sigma/dT/dOmega,
c by 1/p, to get the final invariant spectra Ed"3sigma/d"3p [mb/GeV~2/c~-3/sr],
c coverting later also MeV~(-2) to GeV~(-2)

c

e0 6000

dbecn 20 O 55 -1 j 1 2j O 1 ¢$ needed to tally pi+ separately of pi-

The experimental data for this problem were measured at the Berkeley Bevalac by Prof.
Shoji Nagamiya’s Group [55] and are tabulated in the 181 page Lawrence Berkeley National
Laboratory. Report No. LBL-8463 [56].

Experimental invariant deuteron spectra Fd*c/d*p in units of [mb/sr/GeV?/c™?] as func-
tions of deuteron momentum in [MeV/c| at 30, 45, 60, 90, and 130 degrees are presented in
the files 30_d_e.dat, 45_d_e.dat, 60_d_e.dat, 90_d_e.dat, and 130_d_e.dat, respectively. For con-
venience of plotting all angles on a single figure and to compare spectra at different angles
with each other, the experimental data at 45 degrees were multiplied by 107!, at 60 degrees
by 1072, at 90 degrees by 1073 and at 130 degrees by 107, as is shown on the plot (see file
Ne800Cu_d_6REP.pdf).

The final MCNP6 output file NeS800Cu_REP11_8c.o is presented in the subdirectory
/VALIDATION_LAQGSM/Templates/LINUX/. It is calculated with the “continue”
option using the auxiliary input file inp_6.7e6; the first MCNP6 output calculated with the
main input file, NeS800Cu_REP, is: Ne800Cu_REP11.0. Deuteron spectra as calculated by
MCNP6 at 30, 45, 60, 90, and 130 (£5) degrees are tabulated in units of [mb/sr/projectile] as
segments for tally 1, where the segments corresponding to our angles are, respectively:

1) segment: 25 -35

2) segment: 25 35 40 -50

3) segment: 25 35 40 50 55 -65

4) segment: 25 35 40 50 55 65 85 95

5) segment: 25 35 40 50 55 65 85 -95 -105 -115 -125 135 .

Note that to get the units of [mb] needed for normalization of the calculated spectra to
the total reaction cross section, we used the Energy Multiplier card EM1 in our input file
Ne800Cu_REP with the value 2085.63 on it for all the 200 energy bins of our tally F1: 2085.63
is the value of the total inelastic (reaction) cross section in [mb] as predicted by LAQGSMO03.03
used for this reaction as a stand alone code. In a similar manner, to get the units of [1/sr] for
the calculated spectra, we used in our input file the Segment Divisor card SD1 with values of
the solid angles for each “segment” corresponding to the needed angles of 30, 45, 60, 90, and
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130 (£5) degrees.

To get the calculated double differential spectra d*c/dT'/dS) at these angles in conventional
units of [mb/sr/MeV], we still divide the tables from the MCNP6 output file at the “segments”
described above to the values of the energy bins. Then, to convert such double differential
spectra to the measured so called “invariant spectra,” Ed®c/d®p, in units of [mb/sr/GeV?/c ™3]
as functions of the deuteron momenta p, in [MeV/c|, we calculate the mean deuteron kinetic
energy for each energy bin, Ty, and use it to get the deuteron momentum for each energy bin
as pg = /Tu(Ty + 2my), where my is the mass of deuteron in MeV. Finally, we use the known
relation Ed3c/d®*p = (1/p)d?c/dT/dS), not forgetting to convert in this formula the deuteron
momentum from [MeV/c] to [GeV/c], in order to get the calculated invariant deuteron spectra
in the same units as measured. We do these transformations separately with a little post
processing routine written especially for this.

To plot our invariant spectra with xmgrace (see file Ne800Cu_d_6REP.pdf), the final
MCNPG6 results obtained as described above are copied to separate files 30_.d_6REP.dat,
45_d_6REP.dat, 60_.d 6REP.dat, 90_d_6REP.dat, and 130_.d_6REP.dat, respectively.

Besides the MCNPG6 results, for comparison, we present here also results by LAQGSMO03.03
used as a stand alone code (files 30_d_l.dat, 45_d_1.dat, 60_d_l.dat, 90_d_l.dat, and 130_d_l.dat,
respectively).

The file Ne800Cu_d_6REP.fig is a template for plotting the figure with xmgrace. The pdf
file for the figure with final results for this problem is Ne800Cu.d_6REP.pdf. The files with
the figure are presented together with all files with calculation results and experimental data

in subdirectory /VALIDATION_LAQGSM /Experimental data/Ne800Cu/.

3.7. Test-Problems #7: Ne393U_REP with inp_Ne393U

This problem is to test the applicability of MCNP6 using the LAQGSMO03.03 event generator
to calculate production of tritium from intermediate energy heavy-ion induced reactions for
different NASA, medical, FRIB (Facility for Rare Isotope Beams), and for several U.S. DOE
applications.

This test calculates with MCNP6 the tritium double-differential spectra at 30, 70, 90, 110,
and 150 degrees from interaction of a 393 MeV /nucleon **Ne beam with a thin 23*U target
and compares the results with experimental data and with results by the LAQGSMO03.03 event
generator used as a stand alone code.

We calculate this test-problem using the NOACT=-2 option for the 8th parameter of the
LCA card of the MCNPG6 input file. As we have presented a detailed description of the use of
NOACT=-2 option to calculate particle spectra from thin targets in the test-problem #6 of
the CEM Testing Primer [5], and have provided additional examples of its use in test problems
#7 and #8 of Ref. [5], we do not need to discuss in detail the input and output files for this case.
Therefore, we limit ourselves to only providing the text of the input file as well as describing
where to find the results in the MCNP6 output files.

The input file for this test problem is Ne393U_REP. It is presented in the subdirectory
/VALIDATION_LAQGSM /Inputs/ and is also shown below.

Ne393U_REP:

MCNP6 test with LAQGSM03.03: 393 MeV/A Ne20+U238 -> t spectra
c at 30, 70, 90, 110, and 150 deg to compare with Sandoval’s et al.
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Figure 7: Experimental invariant deuteron spectra [55, 56] at 30, 45, 60, 90, and 130 degrees
(symbols) from a thin Cu target bombarded with a 800 MeV /nucleon **Ne beam compared
with results by LAQGSMO03.03 [10] used as a stand alone code and by MCNP6 using the
LAQGSMO03.03 event-generator, as indicated.

C measurements and results by LAQGSM03.03 as a stand alone code

1 1 -10 -501 imp:h=1
2 0 501 -502 imp:h=1
99 0 502 imp:h=0

501 so 0.01
502 so 1

c tally surfaces

5 kz 0 0.007654253 1
10 kz 0 0.0310911561 1
15 kz 0 0.071796643 1
20 kz 0 0.132474088 1
25 kz 0 0.217442414 1
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30 kz 0 0.333332652 1
35 kz 0 0.49028952 1
40 kz 0 0.704086505 1
45 kz 0 0.999997346 1
50 kz 0 1.420272373 1
55 kz 0 2.03959969 1
60 kz 0 2.999987744 1
65 kz 0 4.598886921 1
70 kz 0 7.548583695 1
75 kz 0 13.92808003 1
80 kz 0 32.16299385 1
85 kz 0 130.6423246 1
90 pz 0

95 kz 0 130.6503105 -1
100 kz 0 32.16399202 -1
105 kz 0 13.92837571 -1
110 kz 0 7.548708346 -1
115 kz 0 4.598950644 -1
120 kz 0 3.000024513 -1
125 kz 0 2.039622728 -1
130 kz 0 1.420287681 -1
135 kz 0 1.000007961 -1
140 kz 0 0.704094093 -1
145 kz 0 0.490295058 -1
150 kz 0 0.333336738 -1
155 kz 0 0.217445427 -1
160 kz 0 0.132476276 -1
165 kz 0 0.071798167 -1
170 kz 0 0.031092115 -1
175 kz 0 0.007654721 -1
mode n hdtsat#/ %z

ml 92238 1

lca7j -2 j1 $ LAQGSM, no transport, only the 1st inelastic interaction
c nps 500

nps le6

prdmp 2j -1

sdef par=10020 erg=7860 vec=0 0 1 dir 1
phys:# 93534

phys:h 3100

phys:n 3100

phys:a 6000

phys:d 5000

phys:t 5200

phys:s 5200

phys:/ 2200

phys:* 2200
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phys:z 2200

c

fi:t 502

¢ defining our "segments" for angles of 30, 70, 90, 110, and 150 deg

fsl1 -25 -35 -65 -75 -85 95 105 115 145 155 T

c

c The following Segment Divisor card is needed to get 1/sr for p-spectra

sdl  0.58869 $ 2pi(cosO -cos25)

0.54762 $ 2pi(cos25 - cos35)
2.49150 $ 2pi(cos35 - cos65)
1.02918 $ 2pi(cos65 - cos75)
1.07859 $ 2pi(cos75 - cos85)
1.09523 §$ 2pi(cos85 - cos95)
1.07859 $ 2pi(cos95 - cos105)
1.02918 $ 2pi(cos105 - cos11b)
2.49150 $ 2pi(cosllb5 - cos145)
0.54762 $ 2pi(cosl145 - cos1b5)
0.58869 $ 2pi(cos155 - cos180)
12.56637 $ 4pi

Boundaries of the proton energy bins: 0-1 MeV; 1-3 MeV,
tabulated exactly as used by LAQGSMO03.03 as stand alone code

el 1 3 5 7 9 11 13 15 17 19
22 27 32 37 42 47 52 57 62 67
72 77 82 87 92 97 106 115 125 1356
145 166 165 1765 185 195 205 2156 225 235
245 265 265 275 285 295 305 315 325 335
345 355 365 375 385 395 405 415 425 435
445 455 465 475 485 495 505 515 525 535
545 555 565 575 585 595 605 615 625 635
645 655 665 675 685 695 705 715 725 735
745 755 765 775 785 795 805 815 825 835
845 855 865 875 885 895 905 915 925 935
945 955 965 975 985 995 1025 1075 1125 1175
1225 1275 1325 1375 1425 1475 1525 1575 1625 1675
1725 1775 1825 1875 1925 1975 2025 2075 2125 2175
2225 2275 2325 2375 2425 2475 2525 25675 2625 2675
2725 2775 2825 2875 2925 2975 3025 3075 3125 3175
3225 3275 3325 3375 3425 3475 3525 3575 3625 3675
3725 3775 3825 3875 3925 3975 4025 4075 4125 4175
4225 4275 4325 4375 4425 4475 4525 4575 4625 4675
4725 4775 4825 4875 4925 4975 5025 5075 5125 5175

c

eml 3509.23 199r $ multiply to sig_inelastic = 3509.23 mb, as predicted by

c LAQGSM03.03 in Ne393Utoro.out of 06/01/2010. This is needed
c to get the spectra in [mb/sr/MeV], after dividig the flux
c to the energy bins, to get [1/MeV]; we do this for every E-bin
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c
dbcn 20j O 5j -1 j 1 2j 0 1 § needed to tally pit+ separately of pi-

The experimental data for this problem were measured at the Berkeley Bevalac by an
international team and are presented and discussed in the paper [54]. The complete set of
experimental data is tabulated in the 118 page AIP document No. PAPS PRVCA 21-1321-118
available upon request from the Physics Auxiliary Publication Service of the American Institute
of Physics.

Experimental tritium spectra d?c/dT/dS) in units of [mb/sr/MeV] as functions of tritium
kinetic energy in [MeV] at 30, 70, 90, 110, and 150 degrees are presented in the files 30_t_e.dat,
70_t_e.dat, 90_t_e.dat, 110_t_e.dat, and 150_t_e.dat, respectively. For convenience of plotting
all angles on a single figure and to compare spectra at different angles with each other, the
experimental data at 70 degrees were multiplied by 107!, at 90 degrees by 1072, at 110 degrees
by 1073, and at 150 degrees by 107*, as is shown on the plot (see file Ne393U_t.pdf).

The final MCNP6 output file Ne393U_REP _3c.o is presented in the subdirectory /VALI-
DATION_LAQGSM/Templates/LINUX/. It is calculated with the “continue” option us-
ing the auxiliary input file inp_Ne393U; the first MCNP6 output file calculated with the main
input file, Ne393U_REP, is: Ne393U_REP.o. Tritium spectra as calculated by MCNP6 at
30, 75, 90, 110, and 150 (£5) degrees are tabulated in units of [mb/sr/projectile] as segments
for tally 1, where the segments corresponding to our angles are, respectively:

1) segment: 25 -35

2) segment: 25 35 65 -75

3) segment: 25 35 65 75 85 95

4) segment: 25 35 65 75 85 -95 -105 115

5) segment: 25 35 65 75 85 -95 -105 -115 -145 155 .

Note that to get the units of [mb] needed for the normalization of the calculated spectra
to the total reaction cross section, we used the Energy Multiplier card EM1 in our input file
Ne393U_REP with the value 3509.23 on it for all the 200 energy bins of our tally F1: 3509.23
is the value of the total inelastic (reaction) cross section in [mb] as predicted by LAQGSMO03.03
used for this reaction as a stand alone code. In a similar manner, to get the units of [1/sr] for
the calculated spectra, we used in our input file the Segment Divisor card SD1 with values of
the solid angles for each “segment” corresponding to the needed angles of 30, 75, 90, 110, and
150 (£5) degrees. To get the calculated double differential spectra d?c/dT/dS) at these angles
in conventional units of [mb/sr/MeV], we still divide the tables from the MCNP6 output file
at the “segments” described above to the corresponding values of the energy bins. We do this
separately with a little post processing routine written especially for this.

To plot our tritium spectra with xmgrace (see file Ne393U_t_6REP.pdf), the final MCNP6
results obtained as described above are copied to separate files 30_t_6REP.dat, 70_t 6REP.dat,
90_t_6REP.dat, 110_t_6REP.dat, and 150_t_6REP.dat, respectively. Besides the MCNPG6 results,
for comparison, we present here also results by LAQGSMO03.03 as a stand alone code (files:
30_t_l.dat, 70_t_l.dat, 90_t_l.dat, 110_t_l.dat, and 150_t_l.dat, respectively).

The file Ne393U_t_6REP fig is a template for plotting the figure with xmgrace. The pdf file
for the figure with final results for this problem is Ne393U_t 6REP.pdf. The files with figure are
presented together with all files with calculation results and experimental data in subdirectory
/VALIDATION_LAQGSM/Experimental data/Ne393U/.

Our final results for this test problem are shown below in Figure 8. We see that MCNP6

20



10" ET T T T T T T1T] T S I |
— 20 238 -
10°E 393 MeV/A ""Ne+ "U->t+.. o
10'E ;
— @ %00 =
= 0
v 10 =
% 1 =
10
s
c 10 S
G 10°E =
© — 3
~~ _4 | ]
-cl_:, 10 E @ Exp.data: 30 deg (x1) E|
NB s A 70deg(x10%) 3
5 10 E m 90deg (x109 E
L 3 —
10-6 E 110 deg (X10_4) —
— @ 150deg (x10") > S
10-7 & —— LAQGSM03.03 ) ' 4 -
= —— MCNPG6 with LAQGSMO03.03, noact=-2 =
8 1 1 Lol 1 I A
10 10 100 1000

T(MeV)

Figure 8: Experimental [54] triton spectra at 30, 70, 90, 110, and 150 degrees (symbols) from
a thin U target bombarded with a 393 MeV /nucleon **Ne beam compared with results
by LAQGSMO03.03 [10] used as a stand alone code and by MCNPG6 using the LAQGSMO03.03

event-generator, as indicated.

using LAQGSMO03.03 describes well the measured triton spectra [54] and agrees very well with
results obtained with the LAQGSMO03.03 event generator used as a stand alone code.

3.8 Test-Problems #8: Ne241U_REP with inp_Ne241U

This problem is to test the applicability of MCNP6 using the LAQGSMO03.03 event generator
to calculate production of helium from intermediate energy heavy-ion induced reactions for
different NASA, medical, FRIB (Facility for Rare Isotope Beams), and for several U.S. DOE
applications.

This test calculates with MCNP6 the 3He and *He double-differential spectra at 30, 70, 90,
110, and 150 degrees from interaction of a 241 MeV /nucleon ?Ne beam with a thin ?**U target
and compares the results with experimental data and with results by the LAQGSMO03.03 event

generator used as a stand alone code.
We calculate this test-problem using the NOACT=-2 option for the 8th parameter of the
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LCA card of the MCNPG6 input file. As we have presented a detailed description of the use of
NOACT=-2 option to calculate particle spectra from thin targets in the test-problem #6 of
the CEM Testing Primer [5], and have provided additional examples of its use in test problems
#7 and #8 of Ref. [5], we do not need to discuss in detail the input and output files for this case.
Therefore, we limit ourselves to only providing the text of the input file as well as describing
where to find the results in the MCNP6 output files.

The input file for this test problem is Ne241U_REP. It is presented in the subdirectory
/VALIDATION_LAQGSM/Inputs/ and is also shown below.

Ne241U_REP:

MCNP6 test with LAQGSM03.03: 241 MeV/A Ne20+U238 -> He3 & He4 spectra
c at 30, 70, 90, 110, and 150 deg to compare with Sandoval’s et al.

C measurements and results by LAQGSM03.03 as a stand alone code

1 1 -10 -501 imp:h=1

2 0 501 -502 imp:h=1

99 0 502 imp:h=0

501 so 0.01
502 so 1

¢ tally surfaces

5 kz 0  0.007654253 1
10 kz 0  0.031091151 1
15 kz 0  0.071796643 1
20 kz 0  0.132474088 1
25 kz 0  0.217442414 1
30 kz 0  0.333332652 1
35 kz 0  0.49028952 1
40 kz 0  0.704086505 1
45 kz 0  0.999997346 1
50 kz 0  1.420272373 1
55 kz 0  2.03959969 1
60 kz 0  2.999987744 1
65 kz 0  4.598886921 1
70 kz 0  7.548583695 1
75 kz 0  13.92808003 1
80 kz 0  32.16299385 1
85 kz 0  130.6423246 1
90 pz 0

95 kz 0  130.6503105 -1
100  kz 0  32.16399202 -1
105 kz 0  13.92837571 -1
110 kz 0  7.548708346 -1
115 kz 0  4.598950644 -1
1200 kz 0  3.000024513 -1
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125 kz 0 2.039622728 -1
130 kz 0 1.420287681 -1
135 kz 0 1.000007961 -1
140 kz 0 0.704094093 -1
145 kz 0 0.490295058 -1
150 kz 0 0.333336738 -1
155 kz 0 0.217445427 -1
160 kz 0 0.132476276 -1
165 kz 0 0.071798167 -1
170 kz 0 0.0310921156 -1
175 kz 0 0.007654721 -1

mode n hdtsa#/ %z

ml 92238 1

lca 7j -2 j 1 $ LAQGSM, no transport, only the 1st inelastic interaction
¢ nps 200

nps le6

¢ prdmp 2j -1

sdef par=10020 erg=4820 vec=0 0 1 dir 1

phys:# 57358

phys:h 3100
phys:n 3100
phys:a 6000
phys:d 5000
phys:t 5200
phys:s 5200
phys:/ 2200
phys:* 2200
phys:z 2200
c

fl:s 502
fil:a 502

c defining our "segments" for angles of 30, 70, 90, 110, and 150 deg

fsl -25 -35 -65 -75 -85 95 105 115 145 155 T

fs11 -25 -35 -65 -75 -85 95 105 115 145 155 T

c

c The following Segment Divisor card is needed to get 1/sr for p-spectra

sdl  0.58869 ¢ 2pi(cosO -cos25)
0.54762 $ 2pi(cos25 - cos35)
2.49150 $ 2pi(cos35 - cos65)
1.02918 §$ 2pi(cos65 - cos75)
1.07859 §$ 2pi(cos75 - cos85)
1.09523 $ 2pi(cos85 - cos95)
1.07859 $ 2pi(cos95 - cos105)
1.02918 $ 2pi(cos105 - cos11b)
2.49150 $ 2pi(cosllb5 - cos14b)
0.54762 $ 2pi(cosl45 - cos1b5)
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0.58869 $ 2pi(cos155 - cos180)
12.56637 $ 4pi

&

sdl1l .58869
.54762

.49150

0 $ 2pi(cos0 -cos25)

0 $ 2pi(cos25 - cos3b)

2 $ 2pi(cos35 - cos65)
1.02918 $ 2pi(cos65 - cos75)
1.07859 $ 2pi(cos75 - cos85)
1.09523 $ 2pi(cos85 - cos95)
1.07859 $ 2pi(cos95 - cos105)
1.02918 §$ cos115)
2.49150 $ cos145)
0.54762 $ cos155)
0.58869 $ cos180)
12.56637 $

2pi(cos105
2pi(cos115
2pi(cos145
2pi(cos1b5
4pi

Boundaries of the proton energy bins: 0-1 MeV; 1-3 MeV,
tabulated exactly as used by LAQGSM03.03 as stand alone code

el 1 3 5 7 9 11 13 15 17 19
22 27 32 37 42 47 52 57 62 67
72 77 82 87 92 97 106 115 125 1356
145 156 165 175 185 195 205 2156 226 235
245 266 265 275 285 295 305 315 3256 335
345 355 365 375 385 395 405 415 425 435
445 455 465 475 485 495 505 515 525 535
545 555 565 575 585 595 605 615 625 635
645 655 665 675 685 695 705 715 725 735
745 755 765 775 785 795 805 815 825 835
845 855 865 875 885 895 905 915 925 935
945 955 965 975 985 995 1026 1075 1125 1175
1225 1275 1325 1375 1425 1475 1525 1575 1625 1675
1725 1775 1825 1875 1925 1975 2025 2075 2125 2175
2225 2275 2325 2375 2425 2475 2525 2575 2625 2675
2725 2775 2825 2875 2925 2975 3025 3075 3125 3175
3225 3275 3325 3375 3425 3475 3525 3575 3625 3675
3725 3775 3825 3875 3925 3975 4025 4075 4125 4175
4225 4275 4325 4375 4425 4475 4525 4575 4625 4675
4725 4775 4825 4875 4925 4975 5025 5075 5125 5175

c

eml 3489.72 199r $ multiply to sig_inelastic = 3489.72 mb, as predicted by

C LAQGSM03.03 in Ne241Utoro.out of 05/28/2010. This is needed
c to get the spectra in [mb/sr/MeV], after dividig the flux
c to the energy bins, to get [1/MeV]; we do this for every E-bin

c

emll 3489.72 199r $ multiply to sig_inelastic = 3489.72 mb, as predicted by

c LAQGSM03.03 in Ne241Utoro.out of 05/28/2010. This is needed
c to get the spectra in [mb/sr/MeV], after dividig the flux
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c to the energy bins, to get [1/MeV]; we do this for every E-bin
c
dbcn 20j O 5j -1 j 1 2j 0 1 § needed to tally pit+ separately of pi-

The experimental data for this problem were measured at the Berkeley Bevalac by an
international team and are presented and discussed in the paper [54]. The complete set of
experimental data is tabulated in the 118 page AIP document No. PAPS PRVCA 21-1321-118
available upon request from the Physics Auxiliary Publication Service of the American Institute
of Physics.

Experimental *He and *He spectra d?c/dT'/dS) in units of [mb/sr/MeV] as functions of parti-
cle kinetic energy in [MeV] at 30, 70, 90, and 110 degrees are presented in the files 30_he3_e.dat,
70_he3_e.dat, 90_he3_e.dat, and 110_he3_e.dat (no *He measured data available at 150 degrees,
so we present for this angle only our predictions), 30_he4_e.dat, 70_he4_e.dat, 90_hed e.dat, and
110_he4_e.dat (no “He measured data available at 150 degrees, so we present for this angle only
our predictions), respectively. For convenience of plotting all angles on a single figure and to
compare spectra at different angles with each other, the experimental data at 70 degrees were
multiplied by 1071, at 90 degrees by 1072, and at 110 degrees by 1073, as is shown on the plot
(see files Ne241U _he3 6REP.pdf and Ne241U_he4 6REP.pdf).

The final MCNP6 output file Ne241U_REP _3c.o is presented in the subdirectory /VAL-
IDATION_LAQGSM /Templates/LINUX/. It is calculated with the “continue” option
using the auxiliary input file inp_Ne241U; the first MCNP6 output calculated with the main
input file, Ne241U_REP, is: Ne241U_REP.o. 3He spectra as calculated by MCNP6 at 30,
75, 90, 110, and 150 (£5) degrees are tabulated in units of [mb/sr/projectile] as segments for
tally 1, where the segments corresponding to our angles are, respectively:

1) segment: 25 -35

2) segment: 25 35 65 -75

3) segment: 25 35 65 75 85 95

4) segment: 25 35 65 75 85 -95 -105 115

5) segment: 25 35 65 75 85 -95 -105 -115 -145 155 .

“He spectra by MCNP6 at the same angles are tabulated in similar “segments” of the same
output file, but for tally 11.

Note that to get the units of [mb] needed for the normalization of the calculated spectra
to the total reaction cross section, we used the Energy Multiplier cards EM1 and EM11 in
our input file Ne241 REP with the value 3489.72 on them for all the 200 energy bins of our
tallies F1 and F11: 3489.72 is the value of the total inelastic (reaction) cross section in [mb] as
predicted by LAQGSMO03.03 used for this reaction as a stand alone code. In a similar manner,
to get the units of [1/sr] for the calculated spectra, we used in our input file the Segment
Divisor cards SD1 and SD11 with values of the solid angles for each “segment” corresponding
to angles of 30, 75, 90, 110, and 150 (£5) degrees. To get the calculated double differential
spectra d?c /dT/d) at these angles in conventional units of [mb/sr/MeV], we still divide the
tables from the MCNP6 output file at the “segments” described above to the corresponding
values of the energy bins. We do this separately with a little post processing routine written
especially for this.

To plot our *He and *He spectra with xmgrace (see files Ne241U_he3_6.pdf and Ne241U_
he4 6.pdf), the final MCNP6 results obtained as described above are copied to separate files
30_he3_6REP.dat, 70_he3_6REP.dat, 90_he3_6REP.dat, 110_he3_6REP.dat, and 150_he3_6REP.dat,
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Figure 9: Experimental 3He spectra [54] at 30, 70, 90, and 110 degrees (symbols) from a
thin 23U target bombarded with a 241 MeV /nucleon ?°Ne beam compared with results by
LAQGSMO03.03 [10] used as a stand alone code and by MCNP6 using the LAQGSMO03.03
event-generator, as indicated (no *He measured data are available at 150 degrees, so we present
for this angle only our predictions).

and 30_he4 6REP.dat, 70_he4 6REP.dat, 90_he4 6REP.dat, 110_he4 6REP.dat, and 150_he4_
6REP.dat, respectively.

Besides the MCNPG6 results, for comparison, we present here also results by LAQGSMO03.03
as a stand alone code (files: 30_he3_l.dat, 70_he3_l.dat, 90_he3_l.dat, 110_he3_l.dat, and 150_he3_
l.dat, and 30_he4_l.dat, 70_hed_l.dat, 90_he4_l.dat, 110_he4_l.dat, and 150_he4_l.dat, respec-
tively).

The files Ne241U_he3 6REP.fig and Ne241U_he4 6REP.fig are templates for plotting the
figures with xmgrace. The pdf files for the figures with final results for this problem are
Ne241U _he3 6REP.pdf and Ne241U_he4 6REP.pdf. The files with both figures are presented
together with all files with calculation results and experimental data in subdirectory /VALI-
DATION_LAQGSM/Experimental data/Ne241U/.

Our final results for this test problem are shown in Figs. 9 and 10. We see that MCNP6
using LAQGSMO03.03 describes well the measured *He and “He spectra [54] and agrees very
well with results obtained with LAQGSMO03.03 event generator used as a stand alone code.
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Figure 10: Experimental “He spectra [54] at 30, 70, 90, and 110 degrees (symbols) from a
thin 23U target bombarded with a 241 MeV /nucleon ?°Ne beam compared with results by
LAQGSMO03.03 [10] used as a stand alone code and by MCNP6 using the LAQGSMO03.03
event-generator, as indicated (no “He measured data are available at 150 degrees, so we present
for this angle only our predictions).

Let us note here that light charged particles, i.e., p (see Figure 6), d (see Figure 7), t (see
Figure 8), 3He (see Figure 9), and *He (see Figure 10) from any reactions are of a major concern
for material damage, as helium can cause swelling in structure materials; tritium is often an
issue from a radioprotection point of view. We see that MCNPG6 describes such reactions very
well.

3.9. Test-Problems #9: C800C_REP with inp_C800C

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03
event generator to calculate production of pions from intermediate energy carbon-beam induced
reactions for different NASA, medical (cancer treatment with a carbon-beam), FRIB (Facility
for Rare Isotope Beams), and for some other U.S. DOE applications.

This test calculates with MCNP6 the invariant spectra of «#* at 15, 45, 70, 90, and 145
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degrees and of 7~ at 20, 40, 56, 90, and 145 degrees from interaction of a 800 MeV /nucleon
12C beam with a thin '2C target and compares the results with experimental data and with
results by the LAQGSMO03.03 event generator used as a stand alone code.

It has also an additional aim of testing the very recent capability of MCNPG6 to tally sepa-
rately production of particles and antiparticles (71 and 77) using the DBCN(27) = -1 option,
a feature not available in MCNPX and in earlier versions of MCNP6 (see Section 3.3 with
the test problem inp75cor_bREP, where we discussed the absence of such a capability as a
deficiency of earlier versions of MCNPG6, addressed and solved by Grady Hughes in the latest
version of MCNPG6).

We calculate this test-problem using the NOACT=-2 option for the 8th parameter of the
LCA card of the MCNPG6 input file. As we have presented a detailed description of the use of
NOACT=-2 option to calculate particle spectra from thin targets in the test-problem #6 of
the CEM Testing Primer [5], and have provided additional examples of its use in test problems
#7 and #8 of Ref. [5], we do not need to discuss in detail the input and output files for this case.
Therefore, we limit ourselves to only providing the text of the input file as well as describing
where to find the results in the MCNP6 output files.

The input file for this test problem is C800C_REP. It is presented in the subdirectory
/VALIDATION_LAQGSM/Inputs/ and is also shown below.

C800C_REP:

MCNP6 test with LAQGSM03.03: 800 MeV/A C12+C12 -> pi+ invariant spectra

c E"3sigma/d~3p [mb/GeV~2/c"-3/sr] at 15, 45, 70, 90, and 145 deg

c and pi- invariant spectra at at 20, 40, 56, 90, and 145 deg (+/- 2.5 deg)
c to compare with Nagamiya’s et al. measurements (LBL-8463)

¢ and results by LAQGSM03.03 as a stand alone code

c and to check how MCNP6 tallies separately particles and antiparticles

c using the DBCN(27) = -1 option

1 1 -10 -501 imp:h=1

2 0 501 -502 imp:h=1

99 0 502 imp:h=0

501 so 0.01
502 so 1

¢ tally surfaces

125 kz 0 0.049148523 1 $ tan(12.5 deg)~2
175 kz 0 0.099413326 1 $ tan(17.5 deg) 2
225 kz 0 0.171572875 1 $ tan(22.5 deg)~2
375 kz 0 0.588790706 1 § tan(37.5 deg)~2
425 kz 0 0.83966282 1 § tan(42.5 deg)~2
475 kz 0 1.190954245 1 $ tan(47.5 deg)~2
535 kz 0 1.826342606 1 $ tan(53.5 deg)~2
585 kz 0 2.662939929 1 ¢ tan(58.5 deg) "2
675 kz 0 5.828427125 1 § tan(67.5 deg)~2
725 kz 0 10.05901359 1 § tan(72.5 deg)~2
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875 kz 0 524.5824763 1 $ tan(87.5 deg) "2
925 kz 0 524 .5824763 -1 $ tan(92.5 deg) "2
1425  k=z 0 0.588790706 -1 $ tan(142.5 deg) "2
1475 kz 0 0.405858517 -1 $ tan(147.5 deg) "2

mode n hdtsa#/x*xz

ml 06012 1

lca7j -2 j1 $ LAQGSM, no transport, only the 1st inelstic interaction
nps 1000

c nps le6

prdmp 2j -1

sdef par=06012 erg=9600 vec=0 0 1 dir 1
phys:# 9600

phys:h 3100

phys:n 3100

phys:a 6000

phys:d 5000

phys:t 5200

phys:s 5200

phys:/ 2200

phys:* 2200

phys:z 2200

c

f1:/ 502

fi1:x 502

c define the "segments" for pi+ at 15, 45, 70, 90, and 140 deg

fs1 -125 -175 -425 -475 -675 -725 -875 925 1425 1475 T

¢ define the "segments" for pi- at 20, 40, 56, 90, and 140 deg

fs11 -175 -225 -375 -425 -535 -585 -875 925 1425 1475 T

o

¢ The following Segment Divisor card is needed to get 1/sr for pi+ spectra

sdl  0.14894 §$ 2pi(cos0 -cosl12.5)

0.14187 $ 2pi(cosl12.5 - cosl7.5)
1.35993 §$ 2pi(cosl7.5 - cos42.5)
0.38759 $ 2pi(cos42.5 - cos47.5)
1.84039 $ 2pi(cos47.5 - cos67.5)
0.51508 $ 2pi(cos67.5 - cos72.5)
1.61532 $ 2pi(cos72.5 - cos87.5)
0.54814 $ 2pi(cos87.5 - c0s92.5)
4.71072 $ 2pi(cos92.5 - cosl42.5)
0.31440 $ 2pi(cos142.5 - cosl147.5)
0.98400 $ 2pi(cos147.5 - cos180)
12.56637 $ 4pi

c The following Segment Divisor card is needed to get 1/sr for pi- spectra
sd1l 0.29080 $ 2pi(cosO -cosl7.5)
0.18747 $ 2pi(cosl7.5 - cos22.5)
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0.82012 $ 2pi(cos22.5 - cos37.5)
0.35234 $ 2pi(cos37.5 - cos42.5)
0.89507 $ 2pi(cos42.5 - cosb3.5)
0.45443 $ 2pi(cosb3.5 - cosb8.5)
3.00889 $ 2pi(cosb8.5 - cos87.5)
0.54814 $ 2pi(cos87.5 - co0s92.5)
4.71072 $ 2pi(cos92.5 - cos142.5)
0.31440 $ 2pi(cos142.5 - cos147.5)
0.98400 $ 2pi(cos147.5 - cos180)
12.56637 $ 4pi

Boundaries of the pion energy bins: 0-1 MeV; 1-3 MeV,
tabulated exactly as used by LAQGSMO03.03 as stand alone code
e0 1 3 5 7 9 11 13 15 17 19
22 27 32 37 42 47 52 57 62 67
72 4 82 87 92 97 105 115 125 135
145 165 165 176 185 195 205 215 225 235
245 266 265 275 285 295 3056 315 3256 335
345 355 365 375 385 395 405 415 425 435
445 455 465 475 485 495 505 515 525 B35
545 5656 565 575 585 695 605 615 625 635
645 655 665 675 685 695 705 715 725 735
745 755 765 775 785 795 805 815 825 835
845 855 865 875 885 895 905 915 9256 935
945 955 965 975 985 995 1025 1075 1125 1175
1225 1275 1326 1375 1425 1475 1525 1575 1625 1675
1726 1775 1825 1875 1925 1975 2025 2075 2125 2175
2225 2275 2325 2375 2425 2475 2525 2575 2625 2675
2725 2775 2825 2875 2925 2975 3025 3075 3125 3175
3225 3275 3325 3375 3425 3475 3525 3575 3625 3675
3725 3775 3825 3875 3926 3975 4025 4075 4125 4175
4225 4275 4325 4375 4425 4475 4525 4575 4625 4675
4725 4775 4825 4875 4925 4975 5025 5075 5125 5175
c
eml 890.179 199r $ multiply to sig_inelastic = 890.179 mb, as predicted by
LAQGSM03.03 in C800C2.out of 06/10/2010. This is needed
to get the spectra in [mb/sr/MeV], after dividing the flux
to the energy bins, to get [1/MeV]; we do this for every E-bin;
Then, we will multiply these double-differential spectra, d~2sigma/dT/dOmega,
by 1/p, to get the final invariant spectra Ed"3sigma/d"3p [mb/GeV~2/c"-3/sr],
coverting later also MeV~(-2) to GeV~(-2)

o o o o o0 o0 o0

dbecn 20j O 5j -1 j 1 2j O 1 §$ needed to tally pi+ separately of pi-
The experimental data for this problem were measured at the Berkeley Bevalac by the Prof.

Shoji Nagamiya’s Group [55] and are tabulated in the 181 page Lawrence Berkeley National
Laboratory. Report No. LBL-8463 [56].
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Experimental invariant 7+ spectra at 15, 45, 70, 90, and 145 degrees and of 7~ at 20, 40, 56,
90, and 145 degrees Ed3c/d®p in units of [mb/sr/GeV?/c™3] as functions of pion momentum
in [MeV/c| are presented in the files 15_pip_e.dat, 45 _pip_e.dat, 70_pip_e.dat, 90_pip_e.dat, and
145 pip_e.dat, and in 20_pim_e.dat, 40_pim_e.dat, 56_pim_e.dat, 90_pim_e.dat, and 145_pim_e.dat,
respectively. For convenience of plotting all angles on a single figure and to compare spectra at
different angles with each other, the experimental data at 45 degrees for 7+ and 40 degrees for
7~ are multiplied by 107!, at 70 degrees for 7+ and 56 degrees for 7= by 1072, at 90 degrees
for both 7 and 7~ by 1073, and at 145 degrees for both 7 and 7~ by 1074, as is shown on
the plots (see files C800C_pip_6.pREPAf and C800C_pim_6REP.pdf).

The final MCNP6 output file CSO0C_REP _3c.o (and the MCTAL file CROOC_REP _3c.m)
is presented in the subdirectory /VALIDATION_LAQGSM /Templates/LINUX/. It is
calculated with the “continue” option using the auxiliary input file inp_C800C; the first
MCNP6 output file calculated with the main input file, CSO0C_REP, is: C800C_REP.o.
Positive pion spectra as calculated by MCNP6 at 15, 45, 70, 90, and 145 (£2.5) degrees are
tabulated in units of [mb/sr/projectile] as segments for tally 1, where the segments corre-
sponding to our angles are, respectively:

1) segment: 125 -175

2) segment: 125 175 425 -475

3) segment: 125 175 425 475 675 -725

4) segment: 125 175 425 475 675 725 875 925

5) segment: 125 175 425 475 675 725 875 -925 -1425 1475 .

Note that to get the units of [mb] needed for normalization of the calculated spectra to
the total reaction cross section, we used the Energy Multiplier card EM1 in our input file
C800C_REP with the value 890.179 on it for all the 200 energy bins of our tally F1: 890.179
is the value of the total inelastic (reaction) cross section in [mb] as predicted by LAQGSMO03.03
used for this reaction as a stand alone code.

Intentionally, to demonstrate the usefulness of the Energy Multiplier card and its work for
such problems, we do not use it here for the tally F11, i.e., we do not use a EM11 card for
negative pions. In such a case, we get the MCNPG6 negative pion spectra at 20, 40, 56, 90, and
145 (£2.5) degrees tabulated in units of [pion/sr/projectile] in the same final MCNP6 output
file C8OOC_REP 3c.o as segments for tally 11, where the segments corresponding to these
angles are, respectively:

1) segment: 175 -225

2) segment: 175 225 375 -425

3) segment: 175 225 375 425 535 -585

4) segment: 175 225 375 425 535 585 875 925

5) segment: 175 225 375 425 535 585 875 -925 -1425 1475 .

Note, that in this case, to get the needed units of [mb] for the negative pion spectra, we multiply
by hand the MCNPG results to the same value of 890.179 [mb] while plotting our figure. Using
a EM11 card for 7, analogously to EM1 for 7+, would eliminate the necessity of this manual
multiplication.

Note that in a similar manner, to get the units of [1/sr] for the calculated spectra, we used
in our input file the Segment Divisor cards SD1 and SD11 for both #* and 7~ with the
corresponding values of the solid angles for each “segment” identifying the needed angles. To
get the calculated double differential pion spectra d?c/dT/dS) at these angles in conventional
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units of [mb/sr/MeV], we still divide the tables from the MCNPG6 output file at the “segments”
described above to the values of the energy bins.

Finally, to convert such double differential spectra to the measured so called “invariant
spectra,” Ed3c/d®p, in units of [mb/sr/GeV?/c™3] as functions of the pion momenta p, in
[MeV /c], we calculate initially the mean pion kinetic energy for each energy bin, T}, and then,
to use it to get the pion momentum for each energy bin as p, = /T (T + 2m,), where m,
is the mass of the charged pion in MeV. At the end, we use the known relation Ed®c/dp =
(1/p)d?c /dT/dS2, not forgetting to convert in this formula the pion momentum from [MeV /c]
to [GeV/c], in order to get the calculated invariant pion spectra in the same units as measured.
We do these transformations separately with a little post processing routine written especially
for this.

To plot our invariant spectra with xmgrace (see files C800C _pip_6REP.pdf and C800C _pim_
6REP.pdf), the final MCNP6 results obtained as described above are copied to separate files
15_pip_6REP.dat, 45_pip_6REP.dat, 70_pip_.6REP.dat, 90_pip_6REP.dat, and 145 _pip_6REP.dat
for 77 and 20_pim_6REP.dat, 40_pim_6REP.dat, 56_pim_6REP.dat, 90_pim_6REP.dat, and
145 pim_6REP.dat, for 7n~, respectively. Besides the MCNP6 results, for comparison, we
present here also results by LAQGSMO03.03 as a stand alone code (files 15_pip_l.dat, 45_pip_l.dat,
70_pip_l.dat, 90_pip_l.dat, and 145_pip_l.dat for 7 and 20_pim_l.dat, 40_pim_l.dat, 56_pim_l.dat,
90_pim_l.dat, and 145_pim_l.dat, for 7~, respectively).

The files C800C_pip_6REP.fig and C800C_pim_6REP.fig are templates for plotting the fig-
ures with xmgrace. The pdf files for the figures with final results for this problem are
C800C_pip_6REP.pdf and C800C_pim_6REP.pdf, with the summary file CS00C_piREP.pdf show-
ing spectra of both 7 and 7~. The files with both figures are presented together with all files
with our calculation results and with experimental data in subdirectory
/VALIDATION_LAQGSM /Experimental data/C800C/.

Our final results for this test problem are shown below in Figures 11 and 12. We see a very
good agreement between the results by MCNP6 and by LAQGSMO03.03 used as a stand alone
code, and a worse, especially for 7, but still a reasonable agreement with the experimental
data [55, 56].

3.10. Test-Problems #10: p300GeV_Ag REP with inxc98

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03 event
generator to describe yields of products from the ultra-relativistic reaction 300 GeV p + Ag.

To be specific, in this test problem, we calculate with MCNP6 using LAQGSMO03.03 with
the GENXS option the mass-number yield distribution of the products from a thin Ag target
bombarded with 300-GeV protons and compare the results with available experimental data
and with results by LAQGSMO03.03 used as a stand alone code. Such reactions are of interest
for Space Applications, for radiation shielding at high-energy accelerators, and to study the
mechanisms of target fragmentation by relativistic projectiles. In addition, we have utilized
this test-problem to understand and to fix a problem observed while using the GENXS option
of MCNP6 at ultra-relativistic energies (a previously unobserved “bug” in the GENXS option
of MCNP6 at high-energies was found and fixed recently by Dick Prael).

For this test-problem we use the GENXS option of MCNP6. As we have presented a detailed
description of the use of GENXS option to calculate product yields from thin targets in test-
problem #1 of the CEM Testing Primer [5], we will not discuss the input and output files for
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Figure 11: Experimental invariant 7~ spectra [55, 56] at 20, 40, 56, 90, and 145 degrees
(symbols) from a thin C target bombarded with a 800 MeV /nucleon *C beam compared
with results by LAQGSMO03.03 [10] used as a stand alone code and by MCNP6 using the
LAQGSMO03.03 event-generator, as indicated.

this case. Therefore, we limit ourselves to only providing the text of the input files (let us recall
here that the GENXS option of MCNP6 requires a second, auxiliary input file in addition to
the main MCNPG6 input file), as well as describing where to find the results in the MCNP6
output file.

The main MCNP6 input file for the case of using the GENXS option is p300GeV _Ag REP.
It uses the auxiliary companion required by the GENXS option input file inxc98. Both of these
are presented in the subdirectory /VALIDATION_LAQGSM /Inputs/ and are also shown

below.

p300GeV_Ag REP:

MCNP6 test: p + Ag by LAQGSM03.03 at 300 GeV, nevtype=66
C To evaluate cosmic-ray activation of tellurium;
c These calculations are done with corrections to MCNP6 by Dick Prael(REP)
c of 12/6/10 to account all fragments (not only 3) from Fermi break-up
1 1 1.0 -1 2 -3
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Figure 12: Experimental invariant 7 spectra [55, 56] at 15, 45, and 70 degrees (symbols)
from a thin C target bombarded with a 800 MeV /nucleon ?C beam compared with results
by LAQGSMO03.03 [10] used as a stand alone code and by MCNPG6 using the LAQGSMO03.03
event-generator, as indicated (no 7+ measured data are available at 90 and 145 degrees, so we
present for these angles only our predictions).

2 0 -4 (1:-2:3)
3 0 4
€ e e
1 cz 4.0
2 pz -1.0
3 pz 1.0
4 so 50.0
€
dbcn 28j 1

ml 47107 0.51839 47109 0.48161
sdef erg = 300000 par = H dir = 1 pos = 0 0 0 vec 0 0 1
imp:n 110
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imp:h 1 10
phys:h 300100
mode h
LCA 215j-11j1 $ use LAQGSM, nevtype = 66 rr
lcb 000000
lea 250
c tropt genxs inxc98 nreact on nescat off
tropt genxs inxc98

print 40 110 95
¢ nps 1000

nps 1000000

prdmp 2j -1

Inxc98:

MCNP6 test: p + Ag by LASQGSM03.03 at 300 GeV, nevtype=66
001/
Cross Section Edit

The 300 GeV proton irradiations were performed in an external beam line at Fermilab and
the measured cross section are presented in Figure 7 of the paper [57]. The file p300000Ag_A exp.dat
presented in the subdirectory /VALIDATION_LAQGSM /Experimental data/p300GeV_Ag/
shows experimental data extracted from the enlarged Figure 7 of this paper.

The mass number distribution of product yields by MCNP6 (in units of barns) is tabulated in
the table entitled Summary by mass number of the MCNP6 output file p300000Ag _REP.o,
presented in the Templates subdirectory /VALIDATION_LAQGSM //Templates/LINUX/.
It is copied to a separate input file for xmgrace, p300000Ag_A_L_REP.dat, and the final plot
appears in the file p300GeV _Au_A sg4.pdf. The file p300000Ag_SGMno.dat presents results by
LAQGSMO03.03 used as a stand alone code.

A template for plotting our results with xmgrace is presented in the file p300GeV_Au_A sg4.fig;
the pdf file of the figure is: p300GeV_Au_A_sg4.pdf. The files with figure are presented to-
gether with all files with calculation results and experimental data in subdirectory /VALIDA-
TION_LAQGSM /Experimental data/p300GeV_Ag/.

Our final results for this test problem are shown below in Figure 13. We see that MCNP6
using LAQGSMO03.03 describes well the measured yield [57] of nuclides from this reaction,
except for products very near to the target, and agrees very well with results obtained with the
LAQGSMO03.03 event generator used as a stand alone code. The underestimation of the yield of
products very near to the target by both MCNP6 using LAQGSMO03.03 and by LAQGSM03.03
used as a stand alone code is probably related with the neglect by LAQGSMO03.03 of the
processes of electromagnetic dissociation in ultra-relativistic reactions; we may consider in the
future a possible improvement of LAQGSMO03.03 to address such processes.

3.11. Test-Problems #11: p800000Au_REP with inxc97

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03 event
generator to describe yields of products from the ultra-relativistic reaction 800 GeV p + Au.
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Figure 13: Experimental mass number distribution of product yields [57] (filled circles) from
the 300 GeV p + Ag reaction compared with results by LAQGSMO03.03 [10] used as a stand
alone code and by MCNP6 using the LAQGSMO03.03 event-generator, as indicated.

To be specific, in this test problem, we calculate with MCNP6 using LAQGSM03.03 with
the GENXS option the mass-number yield distribution of the products from a thin Au target
bombarded with 800-GeV protons and compare the results with available experimental data
and with results by LAQGSMO03.03 used as a stand alone code. 800 GeV is the highest energy
we found experimental data at ultra-relativistic energies where LAQGSM is expected to work
well, i.e., this is the highest energy we can presently V&V MCNP6 using LAQGSM against
available experimental data. Such reactions are of interest for Space Applications, for radiation
shielding at high-energy accelerators, and to study the mechanisms of target fragmentation by
relativistic projectiles. In addition, we have utilized this test-problem to understand and to fix
a problem observed while using the GENXS option of MCNP6 at ultra-relativistic energies (a
previously unobserved “bug” in the GENXS option of MCNP6 at high-energies was found and
fixed recently by Dick Prael).

We calculate this test-problem using the GENXS option of MCNP6. As we have presented
a detailed description of the use of GENXS option to calculate product yields from thin targets
in test-problem #1 of the CEM Testing Primer [5], we do not need to discuss the input and
output files for this case. Therefore, we limit ourselves to only providing the text of the input
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files (let us recall here that the GENXS option of MCNPG6 requires a second, auxiliary input
file in addition to the main MCNP6 input file), as well as describing where to find the results
in the MCNPG6 output file.

The main MCNPG6 input file for the case of using the GENXS option is p800000Au_REP.
It uses the auxiliary companion inxc97 required by the GENXS option. Both of these are pre-
sented in the subdirectory /VALIDATION_LAQGSM /Inputs/ and are also shown below.

p800000Au_REP:

MCNP6 test: p + Au by LAQGSM03.03 at 800 GeV, nevtype=66
C To study Au fragmentation induced by very energetic projectiles;
c These calculations are done with corrections to MCNP6 by Dick Prael(REP)
c of 12/6/10 to account all fragments (not only 3) from Fermi break-up
11 1.0 -12-3
2 0 -4 (1:-2:3)

1 cz 4.0
2 pz -1.0
3 pz 1.0
4 so 50.0

dbcn 28j 1
ml 79197 1.0
sdef erg = 800000 par = H dir = 1 pos = 0 0 0 vec 0 0 1
imp:n 110
imp:h 1 10
phys:h 800100
mode h
LCA 215j-11j1 $ use LAQGSM, nevtype = 66 M
lcb 000000
lea 250
¢ tropt genxs inxc98 nreact on nescat off
tropt genxs inxc97

print 40 110 95
¢ nps 1000

nps 1000000

prdmp 2j -1

inxc97:

MCNP6 test: p + Te by LASQGSM03.03 at 23 GeV, nevtype=66
101/
Cross Section Edit
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The 800 GeV proton irradiations were performed in an external beam line at Fermilab and
the measured cross section are presented in Table 1 and in Figure 4 of paper [58].

The mass number distribution of product yields by MCNP6 (in units of barns) is tabulated in
the table entitled Summary by mass number of the MCNP6 output file pSO0000AU _REP c.o
presented in the subdirectory /VALIDATION_LAQGSM/Templates/LINUX/. 1t is
copied to a separate input file for xmgrace, p800GeV_A_REP.dat, and the final plot appears
in the file p800GeV _Au_A sf4d.pdf. Note that this MCNPG6 calculation was done in two stages,
with the “continue” option, using the auxiliary input file inp_10e6 during the second stage.
(The initial output file obtained during the first stage of calculation, pSO0000AU_REP.o is
also provided.)

The file p8O0000AU_SGMnoGPL.dat presents results by LAQGSMO03.03 used as a stand
alone code.

A template for plotting our results with xmgrace is presented in the file pS00GeV_Au_A sf4. fig;
the pdf file of the figure is: p800GeV_Au_A _sf4.pdf (see Figure 14 below). The files of figure are
presented together with all files with calculation results and experimental data in subdirectory
/VALIDATION_LAQGSM/Experimental data/p800GeV_Au/.

Our final results for this test problem are shown in Figure 14. We see that MCNPG6 us-
ing LAQGSMO03.03 describes well the measured [58] yield of nuclides from this reaction, ex-
cept for products very near the target, and agrees very well with results obtained with the
LAQGSMO03.03 event generator used as a stand alone code. The underestimation of the yield
of products very near the target by both MCNP6 using LAQGSMO03.03 and by LAQGSM03.03
used as a stand alone code is probably related to LAQGSMO03.03 neglecting the processes of
electromagnetic dissociation in ultra-relativistic reactions; we may consider in the future a
possible improvement of LAQGSMO03.03 to address such processes.

3.12. Test-Problems #12: p800Au_Laq with inxc97 and p800Au_CEM
with inxc96

This MCNP6 problem tests the applicability of MCNP6 using the LAQGSMO03.03 event
generator to describe yields of products from the reaction 800 MeV p + Au.

To be specific, in this test-problem, we calculate with MCNP6 using LAQGSMO03.03 with
the GENXS option the mass-number yield distribution of the products from a thin Au-target
bombarded with 800-MeV protons and compare the results with available experimental data
and with results by LAQGSMO03.03 used as a stand alone code. This test problem for MCNP6
with LAQGSM is exactly the same as the previous one (#11, p800000Au_REP), except that the
incident energy of protons is one thousand times lower: 800 MeV. In fact, at 800 MeV, MCNP6
will usually never use by default LAQGSM, as LAQGSM is used by default for proton-induced
reactions only at energies above 3.5 GeV; i.e., this problem tests how MCNP6 with LAQGSM
works at energies below the default. We also calculate this reaction with MCNP6 using the
CEMO03.03 event generator, and with CEMO03.03 used as a stand-alone code. This allows us
to compare results by MCNP6 using the LAQGSM and CEM event-generators on the same
measured data. In addition, we needed this test-problem to understand and to fix a problem
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Figure 14: Experimental mass number distribution of product yields [58] (filled circles) from
the 800 GeV p + Au reaction compared with results by LAQGSMO03.03 [10] used as a stand
alone code and by MCNP6 using the LAQGSMO03.03 event-generator, as indicated.

observed while using the GENXS option of MCNP6 for several high-energy reactions (several
previously unobserved “bugs” in the GENXS option of MCNP6 at high-energies were found
and fixed recently by Dick Prael).

We calculate this test-problem using the GENXS option of MCNP6. As we have presented
a detailed description of the use of GENXS option to calculate product yields from thin targets
in test-problem #1 of the CEM Testing Primer [5], we do not need to discuss the input and
output files for this case. Therefore, we limit ourselves to only providing the text of the input
files (let us recall here that the GENXS option of MCNPG6 requires a second, auxiliary input
file in addition to the main MCNP6 input file), as well as describing where to find the results
in the MCNP6 output file.

The main MCNP6 input file in the case of using the LAQGSMO03.03 event generator with
the GENXS option is p800Au_Laq. It uses the auxiliary companion input file inxc97 required
by the GENXS option. The main MCNP6 input file in the case of using the CEMO03.03 event
generator with the GENXS option is p800Au_CEM. It uses the auxiliary companion input
file inxc97 required by the GENXS option. All of these are presented in the subdirectory
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/VALIDATION_LAQGSM /Inputs/ and are also shown below.

p800Au_Laq:

MCNP6 test: p + Au by LAQGSM03.03 at 0.800 GeV, nevtype=66
C To evaluate cosmic-ray activation of tellurium

11 1.0 -12-3

2 0 -4 (1:-2:3)

1 cz 4.0
2 pz -1.0
3 pz 1.0
4 so 50.0

dbcn 28j 1
ml 79197 1.0
sdef erg = 800 par = H dir = 1 pos = 0 0 0 vec 0 0 1
imp:n 110
imp:h 1 10
phys:h 810
mode h
LCA 2155 -11j1 $ use LAQGSM, nevtype = 66
lcb 000000
lea 2 0
c tropt genxs inxc98 nreact on nescat off
tropt genxs inxc97

print 40 110 95
¢ nps 1000

nps 1000000

prdmp 2j -1

inxc97:

MCNP6 test: p + Te by LASQGSM03.03 at 23 GeV, nevtype=66
101/

Cross Section Edit

50 0 9 /

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80.
85. 90. 95. 100. 120. /

1567821222324/

p800Au_CEM:
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MCNP6 test: p + Au by CEM03.02 at 800 MeV, nevtype=66
C To evaluate cosmic-ray activation of tellurium

11 1.0 -12-3

2 0 -4 (1:-2:3)

ml 79197 1.0
sdef erg = 800 par = H dir
imp:h 1 10
phys:h 1000
mode h

LCA 8j 1 $ use CEM03.02, nevtype = 66 r
tropt genxs inxc96 nreact on nescat off

000vec 001

I

—
g
o
0
I

print 40 110 95
¢ nps 1000

nps 1000000

prdmp 2j -1

1Inxc96:

MCNP6 test: p + Te by CEM03.02 at 800 MeV, nevtype=66

101/

Cross Section Edit

50 0 9 /

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80.
85. 90. 95. 100. 120. /

1567821222324/

The measurements for this reaction were done in “inverse kinematics” at GSI, i.e., not
by bombarding an Au-target with protons, but by bombarding a liquid H-target with an 800
MeV /nucleon TAu beam. As product yields are invariants regarding the system of reference,
we can calculate this reaction using the “direct” kinematics, i.e., as an Au-target bombarded
with an 800-MeV proton beam. The experimental data are published in Refs. [59, 60].

The mass number distribution of product yields by MCNP6 using the LAQGSMO03.03
event-generator is tabulated (in units of barns) in the table entitled Summary by mass
number of the MCNP6 output file pRO0Au_Laq.o presented in the subdirectory /VALIDA-
TION_LAQGSM /Templates/LINUX/. Tt is copied to a separate input file for xmgrace,
p800Au_A_M6Laq.dat, and the final plot appears in the file p800Au_A _sf4.pdf.
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Figure 15: Experimental mass number distribution of product yields [59, 60] (filled circles) from
the 800 MeV p + Au reaction compared with results by LAQGSM03.03 [10] and CEMO03.03
[6] used as stand alone codes and by MCNP6 using the LAQGSM03.03 and CEM03.03 event-
generators, as indicated.

Similar results by MCNP6 using the CEMO03.03 event-generator are tabulated (in units
of barns) in the table entitled Summary by mass number of the MCNP6 output file
p800AU_CEM.o presented in the same subdirectory and is also copied here to a separate
file named p800Au_A_M6CEM.dat.

The file Au800p.SGMno.dat presents results by LAQGSMO03.03 used as a stand alone code,
while the file ac.dat shows results by CEM03.03 used as a stand alone code. The experimental
data [59, 60] for this test-problem are presented in the file ae.dat.

A template for plotting all our results with xmgrace is presented in the file p800Au_A _sf4.fig;
the pdf file of the figure is: p800Au_A sf4d.pdf. The files with figure are presented together with
all files with our calculation results and with experimental data in subdirectory
/VALIDATION_LAQGSM/Experimental data/p800MeV _Au/.

Our final results for this test problem are shown in Figure 15. We see that MCNPG6 using
LAQGSMO03.03 describes well the measured [59, 60] yield of nuclides from this reaction, and
agrees very well with results obtained with the LAQGSMO03.03 event generator used as a stand
alone code. MCNP6 using CEM03.03 describes also well the measured [59, 60] yield of nuclides
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from this reaction, and agrees very well with results obtained with the LAQGSMO03.03 event
generator used as a stand alone code. Just as expected, we can observe that for this particular
problem, the agreement with the measured data is a little better for calculations using the
CEMO03.03 event generator than in the case of using LAQGSMO03.03. This is the reason why
we suggest to calculate reactions initiated by nucleons with incident energies above about 3.5
GeV with LAQGSMO03.03, while at lower incident energies, to use CEMO03.03.

3.13. Test-Problems #13: A) Au559MeVperA _Cu with inxc68;
B) Aul10600MeVperA Cu with inxc69; C) Pb3270600Cu with inxc70

This MCNP6 problem tests the applicability of MCNP6 using the LAQGSMO03.03 event
generator to describe yields of products from heavy-ion induced reactions at relativistic and
ultra-relativistic energies over a very large range of incident energies.

Namely, in this test problem, we calculate with MCNP6 using LAQGSMO03.03 with the
GENXS option the charge-number yield distribution of the products from a thin Cu-target
bombarded with relativistic beams of 559 MeV /nucleon and 10.5 GeV /nucleon " Au ions and
similarly with an ultra-relativistic energy of 159 GeV /nucleon beam of 2**Pb ions. We compare
the MCNPG6 results with experimental data and with results by LAQGSM used as a stand-alone
code. Such capabilities of MCNP6 are needed for astrophysical applications, particularly for
problems of propagation of cosmic rays through matter.

We calculate this test-problem using the GENXS option of MCNP6. As we have presented
a detailed description of the use of GENXS option to calculate product yields from thin targets
in test-problem #1 of the CEM Testing Primer [5], we do not need to discuss the input and
output files for this case. Therefore, we limit ourselves to only providing the text of the input
files (let us recall here that the GENXS option of MCNPG6 requires a second, auxiliary input
file in addition to the main MCNP6 input file), as well as describing where to find the results
in the MCNPG6 output file.

The main MCNPG6 input file while using the LAQGSMO03.03 event generator with the
GENXS option for the case of 559 MeV /nucleon *TAu + Cu is Au559MeVperA _Cu. It
uses the auxiliary companion input file inxc68 required by the GENXS option. The main
MCNP6 input file while using the LAQGSMO03.03 event generator with the GENXS option for
the second case of 10.6 GeV/nucleon TAu + Cu is Au10600MeVperA _Cu. It uses the
auxiliary companion input file inxc69 required by the GENXS option. Finally, for the last
reaction, 158 GeV /nucleon 2Pb + Cu, the main MCNP6 input file is Pb3270600Cu and
its auxiliary companion input file is inxc70. All of these are presented in the subdirectory

/VALIDATION_LAQGSM /Inputs/ and are also shown below.

Aub59MeVperA _Cu:

MCNP6 test: 559 MeV/A Aul97 + Cu64 by LAQGSM03.03, nevtype=66

1 1 1.0 -1 2 -3
2 0 -4 (1:-2:3)
3 0 4
O
1 cz 4.0
pz -1.0
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3 pz 1.0
4 so 50.0

dbcn 28j 1
ml 29064 1.0
sdef erg=110123 par=79197 dir=1 pos=0 0 0 vec 0 0 1
imp:n 1 10
imp:h 1 10
phys:h 110150
phys:# 110150
mode #natdsh
LCA 2155 -11j1 $ use LAQGSM, nevtype = 66
lcb 000000
lea 2 0
¢ tropt genxs inxc68 nreact on nescat off
tropt genxs inxc68

print 40 110 95
¢ mnps 100

nps 100000

prdmp 2j -1

Inxc68:

MCNP6 test: 559 MeV/A Aul97 + Cu64 by LASQGSM03.0, nevtype=66
101/

Cross Section Edit

50 0 9 /

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80.
85. 90. 95. 100. 150. /

1567821222324/

Aul10600MeVperA _Cu:
MCNP6 test: 10.6 GeV/A Aul97 + Cu64 by LAQGSM03.03, nevtype=66

1 1.0 -12 -3
0 -4 (1:-2:3)
0
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dbcn 28j 1
ml 29064 1.0
sdef erg=2088200 par=79197 dir=1 pos=0 0 O vec 0 0 1
imp:n 110
imp:h 1 10
phys:g 10000
phys:d 10000
phys:h 10008
phys:# 2088208
mode #natdsh
LCA 2155 -11j1 $ use LAQGSM, nevtype = 66
lcb 000000
lea 2 0
¢ tropt genxs inxc69 nreact on nescat off
tropt genxs inxc69

print 40 110 95
c mnps b5

nps 10000

prdmp 2j -1

inxc69:

MCNP6 test: 10.6 GeV/A Aul97 + Cu64 by LASQGSM03.0, nevtype=66
101/

Cross Section Edit

50 0 9 /

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80.
85. 90. 95. 100. 150. /

1567821222324/

Pb3270600Cu:
MCNP6 test: 158 GeV/A Pb207 + Cu64 by LAQGSM03.03, nevtype=66

1 1.0 -12 -3
0 -4 (1:-2:3)
0
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dbcn 28j 1
ml 29064 1.0
sdef erg=32706000 par=82207 dir=1 pos=0 0 0 vec 0 0 1
imp:n 110
imp:h 1 10
phys:g 158008
phys:d 158008
phys:h 158008
phys:# 32706008
mode #natdsh
LCA 2155 -11j1 $ use LAQGSM, nevtype = 66 r
lcb 000000
lea 2 0
c tropt genxs inxc70 nreact on nescat off
tropt genxs inxc70

print 40 110 95
nps 10

¢ nps 10000
prdmp 2j -1

inxc70:

MCNP6 test: 158 GeV/A Pb207 + Cu64 by LASQGSM03.0, nevtype=66
101/

Cross Section Edit

50 09 /

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80.
85. 90. 95. 100. 150. /

1567821222324/

The measurements for these reactions were done at different laboratories by different teams
of authors. So, the 559 MeV /nucleon data were measured at Lawrence Berkeley Laboratory’s
Bevalac accelerators and the results are published in the paper [61]. The file 559MeV_Au+Cu_
exp.dat presents the measured data for the Cu-target. The data at 10.6 GeV /nucleon were
measured at the Brookhaven National Laboratory Alternating Gradient Synchrotron (AGS) ac-
celerator and the results are published in the paper [62]. The file 10.6GeV_Au+Cu_exp.dat
presents the measured data for the Cu-target. At 158 GeV /nucleon, we compare our results
with two sets of data, both measured at the CERN Super Proton Synchrotron (SPS). The 2004
data are published in the paper [63]. Part of these measurements obtained for the Cu-target
are presented here in the file PbCul58GeV exp2004.dat. The second set of data at 158
GeV /nucleon are published in the 2008 paper [64]. These experimental data are presented here
in the file PbCul58GeV _exp2008.dat.

The charge number distribution of product yields calculated by MCNP6 using the LAQGSM03.03
event-generator is tabulated (in units of barns) in the table entitled Summary by charge
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number of the MCNP6 output files Au559MeVperA _Cu_c.o, Aul0600MeVperA_Cu_ccc.o,
and Pb32706000Cu_ccc.o, at 0.559, 10.6, and 158 GeV /nucleon, respectively, all available in
the subdirectory /VALIDATION_LAQGSM/Templates/LINUX/. Note that heavy-ion
reactions at relativistic and ultra-relativistic energies require a long computing time for cal-
culation. This is why we calculated all the three reactions from this test-problem in several
steps, using the “continue” option of MCNP6, and using as “auxiliary input files” to con-
tinue the calculations the files inp_Aub559, inp_le4, and inp_le4 at 0.559, 10.6, and 158
GeV /nucleon, respectively; all these auxiliary input files are also presented in the subdirectory
/VALIDATION_LAQGSM /Inputs/ together with the main input files listed above. (The
first output files for our reactions are Aub59MeVperA_Cu.o, Aul0600MeVperA _Cu.o,
and Pb32706000Cu.o, at 0.559, 10.6, and 158 GeV /nucleon, respectively; all of them are
presented in the subdirectory /VALIDATION_LAQGSM /Templates/LINUX/.)

To help plot our results with xmgrace, the MCNP6 results are copied to separate files
AuCubb9MeV_M6Lag.dat, AuCul0.6GeV_M6Laqg.dat, and PbCul58GeV_M6Laq.dat at 0.559,
10.6, and 158 GeV /nucleon, respectively.

Results by LAQGSMO03.03 used as a stand-alone code are presented here in the files
AuCub59MeV _noGPL.dat, AuCul0.6GeV_noGPL.dat, and PbCul58GeV _noGPL.dat at 0.559,
10.6, and 158 GeV /nucleon, respectively.

Templates for plotting our results with xmgrace are presented in the files AuCu559MeV fig,
Au_Cu_10.6GeV fig, and Pb_Cu_158GeV .fig at 0.559, 10.6, and 158 GeV /nucleon, respectively.
pdf files with the final figures are AuCub59MeV.pdf, Au_Cu_10.6GeV.pdf, and Pb_Cu_158GeV.pdf
at 0.559, 10.6, and 158 GeV /nucleon, respectively, with the summary file PbAu_Cu.pdf show-
ing all three reactions in one figure. The files with figures are presented together with all files
including calculation results and experimental data in subdirectory
/VALIDATION_LAQGSM/Experimental data/Au_and Pb_on_Cu/.

Figure 16 shows our final results for this test-problem. Let us note that the MCNPG6 results
shown in Figure 16 represent cross sections of the products from both the projectile and target
nuclei, while the LAQGSMO03.03 used as stand alone calculated only fragmentation products
from the bombarding nuclei. This is why we see a good agreement between the MCNP6
and LAQGSMO03.03 results and the measured projectile fragmentation cross sections (i.e., for
products heavier than Cu), and a much higher MCNPG6 yield of products lighter than Cu than
the one calculated by LAQGSMO03.03 from only the projectiles.

3.14. Test-Problems #14: C290C with inp_10e7

This MCNP6 problem tests the applicability of MCNP6 using the LAQGSMO03.03 event
generator to calculate production of neutrons from intermediate energy carbon-beam induced
reactions for different NASA, medical (cancer treatment with a carbon-beam), FRIB (Facility
for Rare Isotope Beams), and for some other U.S. DOE applications.

This test calculates with MCNP6 double-differential spectra of neutrons at 5, 10, 20, 30,
40, 60, and 80 degrees from interaction of a 290 MeV /nucleon ?C beam with a thin 12C target
and compares the results with experimental data, with results by the LAQGSMO03.03 event
generator used as a stand alone code, as well as with results by the Japan version of the
Quantum Molecular Dynamics (QMD) model coupled with the statistical decay model in the
code JQMD [66], the Oak Ridge intranuclear cascade model HIC by Bertini et al. [67] followed
by a standard evaporation calculation with the EVAP-4 code [51], and by a Los Alamos version
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Figure 16: Experimental charge distributions of product yields [61]-[64] (color filled circles)
from 559 MeV /A 97Au + Cu, 10.6 GeV/A ¥7Au + Cu, and 158 GeV/A 2%Pb + Cu reactions
compared with results by LAQGSMO03.03 [10] used as a stand alone code and by MCNP6 using
the LAQGSMO03.03 event-generator, as indicated.

of the Quark-Gluon String Model contained in the code LAQGSMO03 [41] as published in Ref.
[68]

We calculate this test-problem using the NOACT=-2 option for the 8th parameter of the
LCA card of the MCNPG6 input file. As we have presented a detailed description of the use of
NOACT=-2 option to calculate particle spectra from thin targets in test-problem #6 of the
CEM Testing Primer [5], and have provided additional examples of its use in test problems #7
and #8 of Ref. [5], we do not need to discuss in detail the input and output files for this case.
Therefore, we limit ourselves to only providing the text of the input file as well as describing
where to find the results in the MCNP6 output files.

The input file for this test problem is C290C. It is presented in the subdirectory /VALI-
DATION_LAQGSM /Inputs/ and is also shown below together with the two line auxiliary
input file inp_10e7 used to perform calculations with the “continue” option of MCNP6.

C290C:

MCNP6 test with LAQGSM03.03: 290 MeV/A C12 + C12 -> n spectra
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c as test-problem for cancer treatment with Cl2-ions application

1 1 -1.8 -501 imp:n=1
2 0 501 -502 imp:n=1
99 0 502 imp:n=0

501 so 0.01
502 so 1

¢ tally surfaces

250 kz 0 0.001906278 1 $ 2.5 deg
750 kz 0 0.017332380 1 $ 7.5 deg
125 kz 0 0.049148523 1 $ 12.5 deg
175 kz 0 0.099413326 1 $ 17.5 deg
225 kz 0 0.171572875 1 $ 22.5 deg
275 kz 0 0.270990054 1 $ 27.5 deg
325 kz 0 0.405858517 1 $ 32.5 deg
375 kz 0 0.588790706 1 $ 37.5 deg
425 kz 0 0.839662820 1 $ 42.5 deg
575 kz 0 2.463912811 1 $ 57.5 deg
625 kz 0 3.690172332 1 $ 62.5 deg
775 kz 0 20.34649121 1 $ 77.5 deg
825 kz 0 57.69548054 1 $ 82.5 deg
ml 6012 1

lca7j -2 j 1 $ LAQGSM

¢ nps 1000

nps le7

prdmp 2j -1

sdef par=6012 erg=3480 vec=0 0 1 dir 1

phys:# 3480

phys:h 2000

phys:n 2000

phys:a 2000

phys:d 2000

phys:t 2000

phys:s 2000

phys:/ 2000

phys:z 2000

mode n h#adts/ z*

c
fl:n 502
fsl  -250 -750 -125 -175 -225 -275 -325 -375 -425 -575 -625 -775 -825 T
c The following Segment Divisor card is needed to get 1/sr for n-spectra
sdl  0.00598020 $ 2pi(cosO -cos2.5)

0.04777332 $ 2pi(cos2.5 - cos7.5)

0.09518306 $ 2pi(cos7.5 - cos12.5)
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0.14186840 $ 2pi(cosl2.5 - cosl7.5)

0.18747403 $ 2pi(cosl7.5 - co0s22.5)

0.23165287 $ 2pi(cos22.5 - co0s27.5)

0.27406869 $ 2pi(cos27.5 - co0s32.5)

9.31439869 §$ 2pi(cos32.5 - cos37.5)

0.35233592 $ 2pi(cos37.5 - cos42.5)

1.25649713 $ 2pi(cos42.5 - cosb7.5)

0.47470090 $ 2pi(cosb7.5 - co0s62.5)

1.54132190 $ 2pi(cos62.5 - cos77.5)

0.53980995 §$ 2pi(cos77.5 - cos82.5)

7.10330556 $ 2pi(cos82.5 - cos180)

12.5663706 $ 4pi
c Boundaries of the neutron energy bins: 0-1 MeV; 1-3 MeV,
el 1 3 5 7 9 11 13 15 17 19

22.5 27.5 32.5 37.5 42.5 47.5 52.5 57.5 62.5 67.5
72.5 7r.5 82.5 87.5 92.5 97.5 105 115 125 135
145 185 165 175 185 195 205 2165 2256 235
245 2656 265 275 285 295 305 315 325 335
345 356 365 375 385 395 405 415 425 435
445 455 465 475 485 495 505 515 525 535
545 555 665 575 585 595 605 615 625 635
645 655 665 675 685 695 705 715 725 735
745 756 765 775 785 795 805 815 825 835
845 855 865 875 885 895 905 915 925 935
945 955 965 975 985 995 1025 1075 1125 1175
1225 1275 1325 1375 1425 1475 1525 1575 1625 1675
1725 1775 1825 1875 1925 1975
eml 822.158 135r $ multiply to sig_inelastic = 822.158 mb, as predicted

o by LAQGSM03.03, file C290C_n.out, Nov 30 16:30. Needed
c to get the spectra in [mb/sr/MeV], after dividig the flux
c to the energy bins, to get [1/MeV]

c

c

e0 2000

fili:n 502

f21:h 502

£f31:d 502

f41:t 502

fb1:s 502

f61:a 502

£71:/ 502

£81:z 502

£91:% 502

dbcn 205 O 7j 1 2j 0O 1

inp_10e7:
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continue
nps 10000000

The experimental data for this problem were measured at the Heavy Ion Medical Accelerator
in Chiba (HIMAC) facility of the National Institute of Radiological Sciences (NIRS), Japan and
are published in the paper [65].

Experimental spectra of neutrons at 5, 10, 20, 30, 40, 60, and 80 degrees, d?c/dT/dS?, in
units of [mb/MeV/sr| as functions of the neutron energy in [MeV] are presented in the files
11.dat, 12.dat, 13.dat, 14.dat, 15.dat, 16.dat, and 17.dat, respectively.

The final MCNP6 output file C290C _c.o is presented in the subdirectory /VALIDA-
TION_LAQGSM /Templates/LINUX/. Neutron spectra as calculated by MCNP6 at 5,
10, 20, 30, 40, 60, and 80 (£2.5) degrees are tabulated in units of [mb/sr/projectile] as segments
for tally 1, where the segments corresponding to our angles are, respectively:

1) segment: 250 -750

2) segment: 250 750 -125

) segment: 250 750 125 175 -225

) segment: 250 750 125 175 225 -325

) segment: 250 750 125 175 225 325 375 -425

) segment: 250 750 125 175 225 325 375 425 575 -625

7) segment: 250 750 125 175 225 325 375 425 575 625 775 -825 .

Let us mention that C290C_c.o was calculated with the “continue” option, using the
auxiliary two-line input file inp_10e7; the first MCNP6 output file calculated with the main
input file, C290C, is: C290C.o.

Note that to get the units of [mb]| needed for the absolute normalization of the MCNP6
spectra to the total reaction cross section, we used the Energy Multiplier card EM1 in our
input file C290C with the value 822.158 on it for all the 136 energy bins of our tally F1: 822.158
is the value of the total inelastic (reaction) cross section in [mb] as predicted by LAQGSMO03.03
used for this reaction as a stand alone code.

Note that in a similar manner, to get the units of [1/sr] for the calculated spectra, we used
in our input file the Segment Divisor card SD1 with the corresponding values of the solid
angles for each “segment” identifying the needed angles. Finally, to get the calculated double
differential neutron spectra d?c/dT/d) at these angles in conventional units of [mb/sr/MeV],
we divide the tables from the MCNP6 output file at the “segments” described above to the
values of the energy bins; we do this after all the MCNP6 calculations are completed with a
little routine we wrote especially for this division.

The final MCNP6 neutron spectra at 5, 10, 20, 30, 40, 60, and 80 degrees obtained
as described above are copied here to separate files noact_5.dat, noact_10.dat, noact_20.dat,
noact_30.dat, noact_40.dat, noact_60.dat, and noact_80.dat, respectively.

Besides the MCNPG6 results, for comparison, we present here also results by LAQGSM03.03
used as a stand alone code (files L0303_5.dat, L.0303_10.dat, 1.0303-20.dat, 1.0303_30.dat,
L0303_40.dat, 1.0303_60.dat, 1.0303_80.dat, respectively)

In addition, for comparison, we present here also results by the Japan version of the Quan-
tum Molecular Dynamics (QMD) model coupled with the statistical decay model in the code
JQMD [66], the Oak Ridge intranuclear cascade model HIC by Bertini et al. [67] followed by
a standard evaporation calculation with the EVAP-4 code [51], and by a Los Alamos version
of the Quark-Gluon String Model contained in the code LAQGSMO03 [41] as published in Ref.
[68]. Neutron spectra at 5, 10, 20, 30, 40, 60, and 80 degrees by QMD, HIC, and LAQGSMO03
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codes as published in the listed above paper are presented here in the files: Q11.dat, Q12.dat,
Q13.dat, Ql4.dat, Q15.dat, Q16.dat, Q17.dat (for QMD), H11.dat, H12.dat, H13.dat, H14.dat,
H15.dat, H16.dat, H17.dat (for HIC) L11.dat, L12.dat, L.13.dat, L14.dat, L15.dat, L.16.dat, and
L17.dat (for LAQGSMO03), respectively.

The file C290C_n_noact.fig is a template for plotting the figure of comparison with xmgrace.
The pdf file for the figure is C290C_n_noact.pdf. The files with figure are presented together
with all files with the calculation results and with experimental data in subdirectory
/VALIDATION_LAQGSM/Experimental data/c290c/.

Our final results for this test problem are shown in Figure 17. We see that MCNP6 using
LAQGSMO03.03 describes well the measured [65] neutron spectra from this C+C reaction, and
agrees very well with results obtained with the LAQGSM03.03 event generator used as a stand
alone code and with published [68] results obtained with the code JQMD [66], the Oak Ridge
intranuclear cascade model HIC by Bertini et al. [67] followed by a standard evaporation
calculation with the EVAP-4 code [51], and by a Los Alamos version of the Quark-Gluon
String Model contained in the code LAQGSMO03 [41]

3.15. Test-Problems #15: p400GeVTa GENXSREP with inxc3

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03 event
generator to describe double-differential spectra of particles produced in the ultra-relativistic
reaction 400 GeV p + ®'Ta. Such reactions are of interest to several astrophysical and space
applications. Note that, to the best of our knowledge, the spectra tested here at 400 GeV
represent published experimental data at the highest energy where we expect LAQGSMO03.03
to still work reliably, i.e., below ~ 1 TeV/nucleon: We do not know of any experimental
spectra at incident energies above 400 GeV but below 1 TeV. Such reactions are also of great
academic interest in studying the production of so called cumulative particles at ultra-
relativistic energies, i.e., energetic particles at backward angles in the kinematic region forbidden
in interactions of the projectile with free stationary nucleons of the target nucleus. It is believed
that cumulative particles contain information needed for the study of the high momentum
component of nuclear wave functions, or of collective phenomena in nuclei, or of quark and
gluon degrees of freedom.

We have utilized this test-problem to understand and to fix a problem observed while using
the GENXS option of MCNP6 at ultra-relativistic energies (a previously unobserved “bug” in
the GENXS option of MCNPG6 at high-energies was found and fixed recently by Dick Prael; see
Section 2.3 in Ref. [20] for more details).

The current problem has also an additional aim of testing the very recent capability of
MCNP6 to tally separately production of particles and antiparticles (7+ and 7~) using the
DBCN(27) = -1 option, a feature not available in MCNPX and in earlier versions of MCNP6
(see Section 3.3 with the test problem inp75cor_ bREP, where we discussed the absence of
such a capability as a deficiency of earlier versions of MCNPG6, addressed and solved by Grady
Hughes in the latest version of MCNPG).

This test calculates with MCNP6, using LAQGSMO03.03, spectra of p, 7, 7=, K, K,
anti-protons, d, t, *He, and *He at 70, 90, 118, 137, and 160 degrees from interactions of 400
GeV protons with ¥ Ta. It compares the MCNP6 results with experimental data [69, 70] and
with results by the LAQGSMO03.03 event generator used as a stand alone code and with several
published results [71] by an older version of LAQGSM, LAQGSM03.01 [7].
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Figure 17: Experimental neutron spectra [65] at 5, 10, 20, 30, 40, 60, and 80 degrees (symbols)
from a thin '2C target bombarded with a 290 MeV /nucleon >C beam compared with results
by the Japan version of the Quantum Molecular Dynamics (QMD) model coupled with the
statistical decay model in the code JQMD [66], the Oak Ridge intranuclear cascade model
HIC by Bertini et al. [67] followed by a standard evaporation calculation with the EVAP-4
code [51], and by a Los Alamos version of the Quark-Gluon String Model contained in the
code LAQGSMO03 [41] as published in Ref. [68], as well as with our current calculations by
LAQGSMO03.03 [10] used as a stand alone code and by MCNP6 using the LAQGSMO03.03

event-generator, as indicated.
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We calculate this test-problem using the GENXS option of MCNP6. As we have presented
a detailed description of the use of the GENXS option to calculate particle spectra from thin
targets in test-problem #b5 of the CEM Testing Primer [5], we do not need to discuss the input
and output files for this case. Therefore, we limit ourselves to only providing the text of the
input files (let us recall here that the GENXS option of MCNP6 requires a second, auxiliary
input file in addition to the main MCNPG6 input file), as well as describing where to find the
results in the MCNP6 output file.
The main MCNPG6 input file for the case of using the GENXS option is p400GeVTa GENXSREP.
It uses the auxiliary companion input file inxc388 required by the GENXS option. Both of
these are presented in the subdirectory /VALIDATION_LAQGSM /Inputs/ and are also

shown below.

p400GeVTa GENXSREP:

MCNP6 test: 400 GeV p + Tal81 by LAQGSM03.03, nevtype=66

11 1.0 -12-3
2 0 -4 (1:-2:3)
3 0 4
€
1 cz 4.0
2 pz -1.0
3 pz 1.0
4 so 50.0
O
dbcn 28j 1

ml 73181 1.0
sdef erg=400000 par=h dir=1 pos=0 0 0 vec 0 0 1

imp:n 110

imp:h 1 10

phys:n 400008
phys:h 400008
phys:/ 400008
phys:* 400008
phys:z 400008
phys:k 400008
phys:7? 400008
phys:q 400008
phys:g 400008
phys:d 400008
phys:t 400008
phys:s 400008
phys:a 400008
phys:# 400008

mode nh/*zk?qgdtsat
LCA 2155 -11j1 $ use LAQGSM, nevtype = 66 re
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lcb 000000
lea 250

tropt genxs inxc38 nreact on nescat off
¢ tropt genxs inxc38

print 40 110 95
nps 1000

¢ nps 700000
prdmp 2j -1

inxc38:

MCNP6 test: invariant particle spectra from 400 GeV p+Tal81 by LAQGSM03.03
100/
Cross Section Edit

1560 -11 10 /
1. 3. 5. 7. 9. 11. 13. 15. 17. 19.
22. 27. 32. 37. 42, 47. 52. 57. 62. 67.
2. 7. 82. 87. 92. 97. 105. 125. 135. 145.

155. 165. 175. 185. 195. 205. 215. 225. 235. 245.
255. 265. 275. 285. 295. 305. 315. 325. 335. 345.
355. 365. 375. 385. 395. 405. 415. 425. 435. 445.
455, 465. 475. 485. 495, 505. 515. 525. 535. 545.
5565. 565. 575. 585. 595. 605. 615. 625. 635. 645.
655. 665. 675. 685. 695. 705. 715. 725. 735. 745.
755. 765. 775. 785. 795. 805. 815. 825. 835. 845.
855. 865. 875. 885. 895. 905. 915. 925. 935. 945.
955. 965. 975. 985. 995. 1025. 1075. 1125. 1175. 1225.
1275. 1325. 1375. 1425. 1475. 152b5. 1675. 1625. 1675. 1725.
1775. 1825. 1875. 1925. 1975. 2025. 2075. 2125. 2175. 2225. /
163. 157. 140. 134. 121. 115. 93. 87. 73. 67. 0./
567 15 16 19 21 22 23 24 /

The experimental data for this problem were measured at the Fermi National Accelerator
Laboratory and are published in Refs. [69, 70].

For brevity sake, here, we compare our results with the measured spectra of only K, ¢, 7,
and 7, although we calculated spectra of several other particles from this reaction, as men-
tioned above. Experimental K invariant spectra per nucleon of the target, i.e., (1/A)Ed3c/d®p
in units of [mb ¢?/sr/GeV?/nucleon] as functions of K momentum in [GeV /c] at 90 and 118 de-
grees are presented here in the files ptakp90e.dat and ptakpl18e.dat, respectively. Experimental
invariant spectra of tritons, in the same units, at 70, 90, 118, 137, and 160 degrees are pre-
sented here in the files ptat70e.dat, ptat90e.dat, ptat118e.dat, ptat137e.dat, and ptat160e.dat,
respectively. Experimental invariant spectra of 7%, in the same units, at 70, 90, 118, 137,
and 160 degrees are presented here in the files ptapip70e.dat, ptapip90e.dat, ptapipl18e.dat,
ptapipl37e.dat, and ptapipl60e.dat, respectively. Finally, experimental invariant spectra of 7,
in the same units, at 70, 90, 137, and 160 degrees are presented here in the files ptapim70e.dat,
ptapim90e.dat, ptapim137e.dat, and ptapim160e.dat, respectively
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K™ double-differential spectra calculated by MCNP6 using LAQGSMO03.03 with the GENXS
option at 160, 137, and 118 (£3) degrees are tabulated in units of [b/sr/MeV] in the 2nd, 4th,
and 6th pairs of columns of the first part of the k_plus production cross section table of the
final MCNP6 output file p400GeVTa_GENXSREP 8c.o (after the K energy tabulated in
the 1st column) and for 40 and 20 degrees, in the 1st and 3rd pairs of columns of the second part
of the same tables, following the K* energy tabulated in the 1st column. We present the final
MCNPG6 output file in the subdirectory /VALIDATION_LAQGSM/Templates/LINUX/.
Note that the MCNP6 calculations for this test-problem were performed in several steps, using
the “continue” option. The first MCNP6 output file is p400GeVTa GENXSREP.o; it is
presented in the same Templates subdirectory.

Triton, positive pion, and negative pion spectra by MCNPG6 are tabulated in exactly the
same manner in the same output file in the tables labeled as triton production cross sec-
tion, pi_plus production cross section, and pi_minus production cross section, respec-
tively. To convert the MCNPG6 double-differential spectra tabulated in the output file in units
of [b/sr/MeV] into “invariant spectra”, (1/A)Ed*c/d®p in units of [mb ¢*/sr/GeV?/nucleon],
we wrote a short auxiliary routine especially for this purpose and have performed the con-
version separately, after all MCNP6 calculations were completed. To help plotting the invari-
ant spectra with xmgrace (see files pTa_Kp.pdf, pTa_t.pdf, pTa_pip.pdf, and pTa_pim.pdf),
the MCNP6 “invariant spectra”, i.e., already after the conversion, are copied here to sepa-
rate files ptakp70_GREP.dat, ptakp90_GREP.dat, ptakp118_GREP.dat, ptakp137_GREP.dat,
ptakp160_GREP.dat, for MCNPG6 invariant spectra of K at 70, 90, 118, 137, and 160 (+£3)
degrees, respectively. In a similar manner, the MCNP6 invariant spectra of ¢, 7%, and 7~
at 70, 90, 118, 137, and 160 (43) degrees are copied in the separate files: ptat70_GREP.dat,
ptat90_GREP.dat, ptat118_GREP.dat, ptat137_GREP.dat, ptat160_GREP.dat, ptapip70_
GREP.dat, ptapip90_GREP.dat, ptapipl18_GREP.dat, ptapip137_GREP.dat, ptapip160_GREP.dat,
ptapim70_GREP.dat, ptapim90_GREP.dat, ptapim118_GREP.dat, ptapim137_GREP.dat, and
ptapim160_GREP.dat, respectively.

Besides the MCNP6 results, for ¢, 77, and 7~ we show here also recent calculations by
LAQGSMO03.03 used as a stand alone code, while for KT, for comparison, we show the 2005
results by an older version of LAQGSM, LAQGSMO03.01 [7] as published in Ref. [71].

Invariant spectra of ¢, 7+, and 7= by LAQGSMO03.03 used as a stand alone code at 70,
90, 118, 137, and 160 degrees are presented here in the files: ptat70_03.dat, ptat90_03.dat,
ptat118_03.dat, ptat137_03.dat, ptat160_03.dat, ptapip70_03.dat, ptapip90_03.dat, ptapip118_03.dat,
ptapip137_03.dat, ptapip160_03.dat, ptapim70_03.dat, ptapim90_03.dat, ptapim118_03.dat, pta
pim137_03.dat, and ptapim160_03.dat, respectively. The 2005 LAQGSMO03.01 invariant spec-
tra of Kt at 70, 90, 118, 137, and 160 degrees are presented here in the files: ptakp70_01.dat,
ptakp90_01.dat, ptakp118_01.dat, ptakp137_01.dat, and ptakpl160_01.dat, respectively.

The files pTa_Kp.fig, pTa_t.fig, pTa_pip.fig, and pTa_pim.fig are templates for plotting the
K*,t, 7%, and 7~ invariant spectra with xmgrace. The pdf files of figures with these spectra
are pTa_Kp.pdf, pTa_t.pdf, pTa_pip.pdf, and pTa_pim.pdf. The summary file p400GeV _Ta.pdf
shows all invariant spectra, of K+, ¢, 7, and 7 on a single plot. The files with our figures
are presented together with all files with calculation results and with experimental data in
subdirectory /VALIDATION_LAQGSM /Experimental data/p400GeV _Ta/.

Our final results for this test problem are shown in Figure 18. We see that after a “bug” in
the initial version of MCNPG6 affecting the results from such reactions was fixed by Dr. Dick
Prael (see Section 2.4 of Ref. [20] for more details) MCNP6 using LAQGSMO03.03 describes well

the measured spectra of cumulative particles from this ultra-relativistic reaction, and agrees
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Figure 18: Experimental invariant spectra [69, 70] of K, ¢, 7, and 7~ from the reaction 400
GeV p+'81Ta (symbols) compared with the current results by LAQGSMO03.03 [10] used as a
stand alone code and by MCNP6 using the LAQGSMO03.03 event-generator, and with our 2005
results by LAQGSMO03.01 [7] from Ref. [71], as indicated.
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well with results by the LAQGSMO03.03 event generator used as a stand alone code and by
the older LAQGSMO03.01 [7]. In addition, we see that after the problem of MCNPG6 tallying
particles separately from antiparticles was solved by Dr. Grady Hughes, as discussed above in
Section 3.3, the current version of MCNPG6 is able to describe spectra of 1 separately from
those of 77; that was not possible in the initial version of MCNPG6.

3.16. Test-Problems #16: Cal40MeVperA _Be with inxc69

This MCNP6 problem is to test the applicability of MCNP6 using the LAQGSMO03.03 event
generator to describe yields of products from heavy-ion induced reactions of interest for different
applications, including the Facility for Rare Isotope Beams (FRIB), an update and continuation
of the initial U.S. DOE project known as “Rare Isotope Production” (RIA).

Namely, in this test problem, we calculate with MCNP6 using LAQGSMO03.03 with the
GENXS option the mass-number yield distribution of the Si-ions from a thin °Be target bom-
barded with a beams of 140 MeV /nucleon %°Ca ions. We compare our MCNP6 results with
calculations by LAQGSMO03.03 used as a stand alone code (presented here in the file LAQ.dat)
and with the recent experimental data published in the PhD thesis of Dr. Michal Mocko [72]
(presented here in the file exp.dat).

In addition, we compare our MCNP6 calculations also with results by several other models
as published in Michal Mocko’s PhD thesis by namely, with calculations using the known and
widely used systematics EPAX of K. Summerer and B. Blank [73] (presented here in the file
epax.dat); the semi-phenomenological model ABRABLA by J.-J. Gaimard and K.-H. Schmidt
[74] (presented here in the file aa.dat); the Heavy-Ion Phase-Space Exploration (HIPSE) model
by Denis Lacroix et al. [75] (presented here in the file hipse.dat); and the Antisymmetrized
Molecular Dynamics (AMD) model by Akira Ono and Hisashi Horiuchi [76] (presented here in
the file amd.dat).

We calculate this test-problem using the GENXS option of MCNP6. As we have presented
a detailed description of the use of GENXS option to calculate product yields from thin targets
in test-problem #1 of the CEM Testing Primer [5], we do not need to discuss the input and
output files for this case. Therefore, we limit ourselves to only providing the text of the input
files (let us recall here that the GENXS option of MCNPG6 requires a second, auxiliary input
file in addition to the main MCNP6 input file), as well as describing where to find the results
in the MCNPG6 output file.

The main MCNPG6 input file while using the LAQGSMO03.03 event generator with the
GENXS option is Cal40MeVperA _Be. It uses the auxiliary companion input file inxc69
required by the GENXS option. Both of these are presented in the subdirectory /VALIDA-
TION_LAQGSM /Inputs/ and are also shown below.

Cal40MeVperA Be:

MCNP6 test: 140 MeV/A Ca40 + Be9 by LAQGSM03.03, nevtype=66

1 1 1.0 -1 2 -3
2 0 -4 (1:-2:3)
3 0 4
O
1 cz 4.0
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dbcn 28j 1
ml 04009 1.0
sdef erg=5600 par=20040 dir=1 pos=0 0 0 vec 0 0 1
imp:n 110
imp:h 1 10
phys:g 200
phys:d 200
phys:h 200
phys:# 5600
mode #natdsh
LCA 215j-11j1 $ use LAQGSM, nevtype = 66 1
lcb 000000
lea 250
tropt genxs inxc69 nreact on mnescat off
¢ tropt genxs inxc69

print 40 110 95
¢ nps 1000

nps 10000000

prdmp 2j -1

1Inxc69:

MCNP6 test: 10.6 GeV/A Aul97 + Cu64 by LASQGSM03.0, nevtype=66
101/

Cross Section Edit

50 09 /

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80.
85. 90. 95. 100. 150. /

1567821222324/

The MCNPG6 output file, Cal40MeVperA Be.o in presented in the subdirectory /VALI-
DATION_LAQGSM/Templates/LINUX/. The cross sections for the production of differ-
ent isotopes of Si are printed (in barns) in the Z=14 portion of the table entitled Distribution
of residual nuclei, and, to help plot these results with xmgrace, are also copied here to a
separate file named M6GENXS.dat.

A template for plotting all these results with xmgrace is presented in the file 140MeV _Ca40Be9_
SiREP.fig. The file 140MeV _Ca40Be9_SiREP.pdf shows the final figure obtained with xmgrace.
The files with figure are presented together with all files with calculation results and with the
measured data in subdirectory /VALIDATION_LAQGSM /Experimental data/Cal140
MeVperA Be/.
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Figure 19: Experimental mass number distribution of the Si ions yields [72] (green filled circles)
from the 140 MeV /A °Ca + ?Be reaction compared with results by EPAX [73], ABRABLA
[74], HIPSE [75], and AMD [76] from [72], as well as with the predictions by LAQGSMO03.03
[10] used as a stand alone code and by MCNP6 using the LAQGSM03.03 event-generator, as
indicated.

Our final results for this test problem are shown in Figure 19. We see that MCNP6 using
LAQGSMO03.03 describes well the measured yield of Si-ions [72] and agrees very well with results
obtained with the LAQGSMO03.03 event generator used as a stand alone code and with results
by EPAX [73], ABRABLA [74], HIPSE [75], and AMD [76] published in Ref. [72].

3.17. Test-Problems #17: bg4.5C _pi_Laq with inxs025

This MCNP6 problem is to test a very recent extension of MCNP6 by Dick Prael using the
LAQGSMO03.03 event generator to describe double-differential spectra of particles produced in
reactions induced by high-energy bremsstrahlung photons on thin targets. Such reactions are of
interest to several astrophysical and space applications, as well as for the Continuous Electron
Beam Accelerator Facility (CEBAF) in Newport News, VA, upgraded recently to be able to
accelerate electron beams to energies up to 12 GeV.

This test calculates with MCNP6 using LAQGSMO03.03 spectra of p, 7, and 7, at 30
(20, for pions), 60, 90, 120, and 160 (for protons) degrees from interactions of bremsstrahlung
photons with the maximum energy of Ey = 4.5 GeV with 12C. It compares the MCNP6 results
with available experimental data and with results by the LAQGSMO03.03 event generator used
as a stand alone code. Note that, to the best of our knowledge, the particle spectra tested
here at Fy = 4.5 GeV represent actually examples of experimental spectra of particles from
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reactions induced by bremsstrahlung gammas on nuclei with the highest energy, as available
in the literature now. This is, the current problem tests MCNP6 against measured spectra of
particles from reactions induced by bremsstrahlung gammas with the highest maximum energy
published so far in the literature.

We calculate this test-problem using the GENXS option of MCNP6. As we have presented
a detailed description of the use of the GENXS option to calculate particle spectra from thin
targets in test-problem #b5 of the CEM Testing Primer [5], we do not need to discuss the input
and output files for this case. Therefore, we limit ourselves to only providing the text of the
input files (let us recall here that the GENXS option of MCNP6 requires a second, auxiliary
input file in addition to the main MCNP6 input file), as well as describing where to find the
results in the MCNP6 output file.

The main MCNP6 input file for the case of using the GENXS option is bg4.5C _pi_Laq. It
uses the auxiliary companion input file inxs025 required by the GENXS option. Both of these
are presented in the subdirectory /VALIDATION_LAQGSM /Inputs/ and are also shown
below.

bg4.5C pi_Laq:

4.5 GeV max bremstrahlung on Cl2 particle calculation

imp:p 1 0

mode p

lca 7j -1 0 1 $ First interaction only
mxl:p model
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phys:p 3j 1 $ Turn on photonuclear

Cc nps 1000

nps 1000000

prdmp 1000000 100000 1 2

tropt genxs inxs025

dbecn  28j 1 2j 1 $§ For MCNP6, E_min=30 MeV (default)

c dbecn  28j 1 2j 1 4j 10 $ For MCNP6, E_min=10 MeV (DBCN(37)=10)

inxs025:

4.5 GeV max bremstrahlung on Cl2 particle spectra calculation
101

Uses LAQGSM and dbcn(29)/=1

150, -17, 4, 1000000.0/

1. 3. 5. 7. 9. 11. 13. 15. 17. 19.
22. 27. 32. 37. 42, 47. 52. 57. 62. 67.
2. 7. 82. 87. 92. 97. 105. 125. 135. 145.

155. 165. 175. 185. 195. 205. 215. 225. 235. 245,

255. 265. 275. 285. 295. 305. 315. 325. 335. 345.

355. 365. 375. 385. 395. 405. 415. 425. 435. 445,

455. 465. 475. 485. 495. 505. 515. 525. 535. 545,

555. 565. 575. 585. 595. 605. 615. 625. 635. 645.

655. 665. 675. 685. 695. 705. 715. 725. 735.  745.

755. 765. 775. 785. 795. 805. 815. 825. 835. 845.

855. 865. 875. 885. 895. 905. 915. 925. 935.  945.

955. 965. 975. 985. 995. 1025. 1075. 1125. 1175. 1225.
1275. 1325. 1375. 1425. 1475. 1525. 1575. 1625. 1675. 1725.
1775. 1825. 1875. 1925. 1975. 2025. 2075. 2125. 2175. 2225. /
165. 155. 145. 135. 125. 115. 95. 85. 75. 65. 55. 51. 41. 35. 25. 15. 0./
5, 6, 7, 21/

The main difference of the current MCNPG6 input file using the GENXS option for reactions
induced by bremsstrahlung gammas from all the other examples we provided above is in the
DBCN card. Let us address this point here again (though we discussed it already in test-
problems # 16 and #17 of the CEM Testing Primer [5]), as it is a new MCNPG6 feature
introduced very recently by Dick Prael and it is not documented yet. As we can see from our
input file, the last card is DBCN (let us recall again that the most detailed description of the
MCNP6 DBCN input card is presented in the recent document by Grady Hughes [46], but this
paper was written by Dr. Hughes before Dr. Prael introduced the very recent bremsstrahlung
capability in MCNP6 using GENXS; therefore, it was not described in [46]). So, the last two
cards of the current input file bg4.5C_pi_Laq are:

dbcn  28j 1 2j 1 $ For MCNP6, E_min=30 MeV (default)
cdbcn  28j 1 2j 1 4j 10 $ For MCNP6, E_min=10 MeV (DBCN(37)=10)

On the DBCN card we have 1 for its 32nd parameter. The use of a non-zero value for
the 32nd parameter of the DBCN card is the main instruction for MCNP6 to calculate a
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reaction induced by bremsstrahlung gammas. The maximum value of the energies of

bremsstrahlung gammas, E™, or, as it is often noted in the literature, Ey, is defined on the
SDEF card:

sdef  erg=4500 par=p vec=1 0 O dir=1 .

We see that is is equal to 4500 MeV, for this test-problem. The minimum energy for bremsstrah-
lung gammas is set in MCNP6 by default to be equal to E,,;, = 30 MeV (as is in our test-
problem). But users can change the value of the E,,;,, providing the needed value (in MeV) as
the value for the 37th parameter on the DBCN card. In our input file, we have a commented
DBCN card where we chose the values of the minimum energy of bremsstrahlung gammas to
be equal to 10 MeV: To calculate with this option, MCNP6 users need only to comment the
first DBCN card in our input file and to uncomment the second one.

Finally, let us mention that the current version of MCNP6 with GENXS for bremsstrahlung
induced reactions allows only one isotope as the material of the problem, in contrast to
reactions induced by other types of projectiles, where we can have a complex material of several
isotopes (see, e.g., test-problem #10 of the CEM Testing Primer [5], where we use the GENXS
option for a reaction induced by protons on a "*Ti target composed of 5 different isotopes).

The experimental data for this problem were measured at the Yerevan electron synchrotron
of the Yerevan Physics Institute, Armenia, former USSR. The proton spectra are published in
the paper [77], while the pion spectra are from the work [78].

Note that all the experimental characteristics for reactions induced by bremsstrahlung pho-
tons are usually normalized per “equivalent quanta”’, ) =< E > /FEy, where < E > is the
mean energy of the bremsstrahlung photons and Fj is the “end-point” or the maximum energy
of the bremsstrahlung photons.

Experimental double-differential spectra of protons d?c /dT/d2/Q at 30, 60, 90, 120, and 160
degrees are presented here in units of [mub/MeV /sr/Q] in the files p30e.dat, p60e.dat, p90e.dat,
pl20e.dat, and pl60e.dat, respectively. Measured double-differential spectra of positive pions
d?c /dT /d2/Q at 20, 60, 90, and 120 degrees are presented here in units of [mub/MeV /sr/Q] in
the files pip20e.dat, pip60e.dat, pip90e.dat, and pip120e.dat, respectively. Similar experimental
spectra of negative pions are presented here in the files pim20e.dat, pim60e.dat, pim90e.dat,
and pim120e.dat, respectively.

Proton double-differential spectra by MCNP6 using LAQGSM03.03 with the GENXS option
at 160, and 120 (£5) degrees are tabulated in units of [mub/sr/MeV] in the 2nd and 6th pairs
of columns of the first part of the proton production cross section table of the MCNP6
output file bg4.5C _pi_Laq.o (after the proton energy tabulated in the 1st column); for 90
and 60 degrees, in the 1st and 4th pairs of columns of the second part of the same table,
following the proton energy tabulated in the 1st column; and for 30 degrees, in the 1st pair
of columns of the third part of the same table. We present the MCNP6 output file in the
subdirectory /VALIDATION_LAQGSM /Templates/LINUX/. Note that the MCNP6
results for reactions induced by bremsstrahlung photons are not normalized per “equivalent
quanta”. This is, in order to compare our MCNP6 results with the measured spectra we
need to estimate separately the value of the “equivalent quanta”, Q =< E > /Ej, or to use
its value from other calculations. We have calculated our spectra also with CEMO03.03 and
LAQGSMO03.03 used as a stand alone codes; both of them provide the value of () in their
output. Here, while plotting our figures, we normalize the MCNP6 results to the value of
the “equivalent quanta”, ) = 0.1341099, as calculated by CEMO03.03 for this reaction for
bremsstrahlung photons with energies between E,,;, = 30 MeV and E™* = 4500 MeV (= Ey).
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Positive pion spectra by MCNP6 with the GENXS option at 120 (+5) degrees are tabulated
in units of [mub/sr/MeV] in the 6th pair of columns of the first part of the pi_plus production
cross section table of the same output file; (after the pion energy tabulated in the 1st column);
for 90 and 60 degrees, in the 1st and 4th pairs of columns of the second part of the same table,
following the pion energy tabulated in the 1st column; and for 20 degrees, in the 2nd pair of
columns of the third part of the same table. Negative pion spectra by MCNP6 are tabulated in
exactly the same manner in the same output file in the table labeled as pi_minus production
cross section, respectively.

To help plot the MCNP6 p, 7", and 7~ spectra with xmgrace (see files gh4 _5C_p_Laq.pdf,
gb4 5C_pip_Laq.pdf, and gb4_5C_pim_Laq.pdf), the MCNPG6 double-differential spectra are
copied here to separate files p30_M6Laq.dat, p60_M6Laq.dat, p90_M6Laq.dat, p120_M6Laq.dat,
and p160_M6Laq.dat, for protons, pip20_M6Laq.dat, pip60_M6Laq.dat, pip90_M6Laq.dat, and
pipl120_M6Laq.dat, for positive pions, and pim20_M6Laq.dat, pim60_M6Laq.dat, pim90_M6Laq.dat,
and pimp120_M6Laq.dat, for negative pions, respectively. Let us note one more time that while
plotting our figures, we normalize the MCNPG6 results to the value of the “equivalent quanta”,
@ = 0.1341099, as calculated by CEMO03.03 for this reaction.

Besides the MCNPG6 results, for comparison, we show here also calculations by LAQGSMO03.03
used as a stand alone code. Spectra of p, 7, and 7~ by LAQGSMO03.03 used as a stand alone
code at 30, 60, 90, 120, and 160 degrees for protons and at 20, 60, 90, and 120 degrees for
pions are presented here in the files: p30l.dat, p60l.dat, p90l.dat, p120l.dat, and p160l.dat, for
protons; pip20l.dat, pip60l.dat, pip90l.dat, and pip120l.dat, for positive pions; and pim20l.dat,
pim60l.dat, pim90l.dat, and pim120l.dat, for negative pions, respectively.

The files gh4 5C_p_Laq.fig, gh4 5C_pip_Laq.fig, and gh4 5C_pim_Laq.fig are templates for
plotting the p, 7%, and 7~ spectra with xmgrace. The pdf files of figures with these spec-
tra are gh4 5C_p_Laq.pdf, gb4 5C_pip_Laq.pdf, and gh4 5C_pim_Laq.pdf. The summary file
gb4.5C.pdf shows all spectra of p, 7™, and 7~ on a single plot. The files with figures are
presented together with all files with the calculation results and with experimental data in
subdirectory /VALIDATION_LAQGSM /Experimental data/gb4.5GeV_C/.

Our final results for this test problem are shown in Figure 20. We see that MCNP6 using
LAQGSMO03.03 describes well the measured [77, 78] p, 7T, and 7~ spectra from from interaction
of bremsstrahlung v quanta of maximum energy E™% = 4.5 GeV with a thin 2C target and
agrees very well with results obtained with the LAQGSMO03.03 event generator used as a stand
alone code.

3.18. Test-Problems #18: Ne2.1GeVPb with inxc38

This MCNP6 problem tests the applicability of MCNP6 using the LAQGSMO03.03 event
generator to describe invariant double-differential spectra of K produced in the relativistic
reaction 2.1 GeV/nucleon *Ne + 2%®Pb. Such reactions may provide a means of studying
nuclear matter under conditions of high density or high temperature. The threshold energy
for K production in free nucleon-nucleon collisions is 1.56 GeV. Kaons have comparatively
low interaction cross section corresponding to the mean free path at normal nuclear density of
about 6-8 fm which provides a possibility to gather information on compressed zone of nuclear
matter. Another interest in such reactions is to gain insight into the production mechanism of
the kaons.

For us, this test-problem has also a special aim in testing a new MCNPG6 capability of
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Figure 20: Experimental proton spectra [77, 78] at 30, 60, 90, 120, and 160 degrees and 7"

and 7~

spectra at 20, 60, 90, and 120 degrees (symbols) from interaction of bremsstrahlung

v quanta of maximum energy £ = 4.5 GeV with a thin 2C target compared with results
LAQGSMO03.03 [10] used as a stand alone code and by MCNP6 using the LAQGSM03.03 event-
generator, as indicated.
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changing the number of the particle and light fragment types, nevtype, which should be taken
into account in evaporation calculations (with a parameter defined on the 11th position of the
LCA MCNPG6 input file). The default MCNPG6 value of the parameter nevtype is equal to
66. Here, we are not interested in any fragments and need to calculate only spectra of K.
We can perform these calculations with the lowest value for nevtype accepted at present by
MCNPG6, nevtype=6, saving a lot of computing time in comparison with using the default
value of nevtype=66.

We calculate this test-problem using the GENXS option of MCNP6. As we have presented
a detailed description of the use of the GENXS option to calculate particle spectra from thin
targets in test-problem #b5 of the CEM Testing Primer [5], we do not need to discuss the input
and output files for this case. Therefore, we limit ourselves to only providing the text of the
input files (let us recall here that the GENXS option of MCNP6 requires a second, auxiliary
input file in addition to the main MCNP6 input file), as well as describing where to find the
results in the MCNP6 output file.

The main MCNPG6 input file for the case of using the GENXS option is Ne2.1GeVPb. It
uses the auxiliary companion input file inxc88 required by the GENXS option. Both of these
are presented in the subdirectory /VALIDATION_LAQGSM /Inputs/ and are also shown
below.

Ne2.1GeVPb:

MCNP6 test: 2.1 GeV/A Ne20 + Pb208 by LAQGSM03.03, nevtype=6

1 1 1.0 -1 2 -3
2 0 -4 (1:-2:3)
3 0 4
O
1 cz 4.0
2 pz -1.0
3 pz 1.0
4 so 50.0
O
dbcn 28j 1

ml 82208 1.0
sdef erg=42000 par=10020 dir=1 pos=0 0 O vec 0 0 1

imp:n 110
imp:h 1 10
phys:n 42008
phys:h 42008
phys:/ 42008
phys:* 42008
phys:z 42008
phys:k 42008
phys:? 42008
phys:q 42008
phys:g 42008
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phys:d 42008

phys:t 42008

phys:s 42008

phys:a 42008

phys:# 42008

mode nh/*xzk?qgdtsat
LCA 215j-11j16 $ use LAQGSM, nevtype = 6: LCA(11)=6 P
lcb 000000
lea 20

tropt genxs inxc88 nreact on nescat off
¢ tropt genxs inxc38

print 40 110 95
nps 1000

¢ nps 700000
prdmp 2j -1

Inxc88:

MCNP6 test: invariant K+ spectra from 2.1 GeV Ne20+Pb208 by LAQGSMO03.03
100/
Cross Section Edit

150 -9 10 /
1. 3. 5. 7. 9. 11. 13. 15. 17. 19.
22. 27. 32. 37. 42. 47. 52. 57. 62. 67.
2. 7. 82. 87. 92. 97. 105. 125. 135. 145.

155. 165. 175. 185. 195. 205. 215. 225. 235. 245.
255. 265. 275. 285. 295. 305. 315. 325. 335. 345.
355. 365. 375. 385. 395. 405. 415. 425. 435. 445.
455. 465. 475. 485. 495. 505. 515. 525. 535. 545.
5565. 565. 575. 585. 595. 605. 615. 625. 635. 645.
655. 665. 675. 685. 695. 705. 715. 725. 735. 745.
755. 765. 775. 785. 795. 805. 815. 825. 835. 845.
8b5. 865. 875. 885b. 895. 905. 915. 925. 935. 945.
955. 965. 975. 985. 995. 1025. 1075. 1125. 1175. 1225.
1275. 1325. 1375. 1425. 1475. 15626. 1575. 1625. 1675. 1725.
1775. 1825. 1875. 1925. 1975. 2025. 2075. 2125. 2175. 2225. /
85. 75. 60. 50. 40. 30. 20. 10. 0./
567 15 16 19 21 22 23 24 /

The experimental data for this problem were measured at the Bevalac accelerator of the
Lawrence Berkeley Laboratory and were published in the paper [79].

Experimental K invariant spectra, i.e., Ed®c/d*p in units of [mb c¢3/sr/GeV?| as functions
of K™ momentum in [GeV/c| at 15, 25, 35, 45, 55, and 80 degrees are presented here in the
files 15e.dat, 25e.dat, 35e.dat, 45e.dat, b5e.dat, and 80e.dat, respectively.

KT double-differential spectra by MCNP6 using LAQGSMO03.03 with the GENXS option
at 80, 55, 45, 35, and 25 (£5) degrees are tabulated in units of [b/sr/MeV] in the 2nd, 4th,
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5th, 6th, and 7th pairs of columns of the first part of the k_plus production cross section
table of the final MCNP6 output file Ne2.1GeVPb_4c.o (after the KT energy tabulated in
the 1st column) and for 15 degrees, in the 1st pair of columns of the second part of the same
tables, following the K energy tabulated in the 1st column.

Note that we performed the MCNPG6 calculations for this test-problem in several steps,
using the “continue” option; the first, initial MCNP6 output file is Ne2.1GeVPb.o. We have
used the two-line auxiliary input file inp_10e6 to continue the calculations; it is provided in
the subdirectory /VALIDATION_LAQGSM /Inputs/.

We present the initial and the final MCNP6 output files in the Templates subdirectory
/VALIDATION_LAQGSM /Templates/LINUX/.

To convert the MCNPG6 double-differential spectra tabulated in the output file in units of
[b/st/MeV] into “invariant spectra”, Ed®c/d®p in units of [mb ¢?/sr/GeV?|, we wrote a short
auxiliary routine and have performed the conversion separately, after all MCNPG6 calculations
are completed. To help plot the invariant spectra with xmgrace (see file Ne2100Pb_K+.pdf)
the MCNP6 “invariant spectra” of KT at 15, 25, 35, 45, 55, and 80 degrees, i.e., already after
conversion, are copied to separate files M6kpl5.dat, M6kp25.dat, M6kp35.dat, M6kp45.dat,
M6kpb5.dat, and M6kp80.dat, respectively.

Besides the MCNPG6 results, we show also recent calculations by LAQGSMO03.03 used
as a stand alone code. Invariant spectra of K+ at 15, 25, 35, 45, 55, and 80 degrees by
LAQGSMO03.03 used as a stand alone code are presented here in the files 15l.dat, 25l.dat,
35l.dat, 45l.dat, 55l.dat, and 80l.dat, respectively.

The file Ne2100Pb_K+.fig is a template for plotting the K invariant spectra with xmgrace.
The pdf file of the figure with these spectra is Ne2100Pb_K+.pdf. The files with figure are
presented together with all files with the calculation results and with experimental data in
subdirectory /VALIDATION_LAQGSM /Experimental data/Ne2.1GeVPb/.

Our final results for this test problem are shown in Figure 21. We see that MCNPG6 using
LAQGSMO03.03 describes well the measured [79] KT spectra from such heavy-ion induced reac-
tions and agrees very well with results obtained with the LAQGSMO03.03 event generator used
as a stand alone code.

4. Conclusion

MCNPG6, the latest and most advanced LANL Monte Carlo transport code representing a
recent merger of MCNP5 and MCNPX, has been validated and verified against a variety of
intermediate and high-energy experimental data and against calculations by different versions
of MCNPX and results by several other codes. In the present primer, we show 18 examples
of test-problems for MCNPG6 using mostly the latest modifications of the Los Alamos version
of the Quark-Gluon String Model (LAQGSM) event-generator LAQGSMO03.03. Another 18
problems for MCNP6 with the Cascade-Exciton Model (CEM) event-generator, CEM03.03 are
presented in a separate, first primer of this series [5].

We found that MCNP6 describes reasonably well various reactions induced by particles and
heavy-ions (see also Refs. [5, 20]) at incident energies from 18 MeV to about 1 TeV /nucleon
measured on both thin and thick targets and agrees very well with similar results obtained with
MCNPX and calculations by other codes. Most of several computational bugs and more serious
physics problems observed in MCNP6/X during our V&V have been fixed. We continue our
work to solve all the known problems before the official distribution of MCNP6 to the public
via RSICC at Oak Ridge, TN, USA planned for the year 2011. From the results presented
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Figure 21: Experimental invariant Kt spectra [79] at 15, 25, 35, 45, 55, and 80 degrees (sym-
bols) from a thin 2*®Pb target bombarded with a 2.1 GeV /nucleon *°Ne beam compared with
results LAQGSMO03.03 [10] used as a stand alone code and by MCNP6 with the GENXS option
[36] using the LAQGSMO03.03 event-generator, as indicated.
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here as well as in Refs. [5, 20], we can conclude that MCNPG6 is a reliable and useful Monte
Carlo transport code for different applications involving reactions induced by almost all types
of elementary particles and heavy-ions, in a very broad range of incident energies. We hope
that the current primer will help future users of MCNPG6 construct their input files and better
understand the final MCNPG6 results for their applications at intermediate and high energies.
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