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I. INTRODUCTION

Total reaction cross section models have a significant impact on the predictions and
accuracy of spallation and transport codes. The Cascade Exciton Model (CEM) code
CEMO03.03 [1] and the Monte Carlo N-Particle transport code (MCNP6) [2], both devel-
oped at Los Alamos National Laboratory (LANL), each use such cross sections for different
purposes. While total reaction cross sections are used throughout the transport and spalla-
tion models, there are two main utilizations. MCNPG6 uses total reaction cross sections to
determine where a reaction occurs (thru the mean-free path length), and then with what
nucleus the projectile interacts with, and lastly what type of interaction it is (inelastic or
elastic). CEM uses total reaction cross sections as inverse cross sections to predict what the
excited nucleus emits.

The current inverse cross sections used in the preequilibrium and evaporation stages of
CEM are based on the Dostrovsky model, published in 1959 [3]. Better cross section models
are available now [4-13]. MCNPG6 uses an update of the Barashenkov and Polanski (B&P)
cross section model [13] as described briefly in [14, 15] to calculate the mean-free path length
for neutrons, protons, and light fragments up to *He. It uses a parameterization based on
a geometric cross section for light fragments above “He. Implementing better cross section
models in CEM and MCNPG6 should yield improved results of particle spectra and total
production cross sections, among other results.

This cross section development work is part of a larger project aimed at enabling CEM to
produce high-energy light fragments [16-18]. Figs. 1 and 2 illustrate two examples of results
of that project. For some reactions we obtained good results (i.e., Fig. 1), and for other
reactions, while our results showed improvement, they could still be better (i.e., Fig. 2). We
determined to upgrade the inverse cross section models used to see if we could improve these

results further.

II. BRIEF REVIEW OF SELECT TOTAL REACTION CROSS SECTION

MODELS AND THEIR USE IN SPALLATION AND TRANSPORT CODES

The current inverse cross sections in CEM are based on the Dostrovsky model [3]. It is

based on the strong absorption model and its general form is as shown in Eq. 1.



10°? : I é
Li
20° (x10*

d’6/dT/dQ (mb/MeV/sr)

FIG. 1. Comparison of experimental data by Machner et al. [19] (green points) with results from
the unmodified CEMO03.03 (blue dotted lines) and the modified-MEM CEMO03.03 [17, 18] (red solid
lines) for 200 MeV p + 27Al — SLi + ...
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FIG. 2. Comparison of experimental data by Budzanowski et al. [20] (green points) with results
from the unmodified CEM03.03 (blue dashed lines) and the modified-MEM CEMO03.03 [17, 18] (red
solid lines) for 1200 MeV p + 7Au — 7Li + ...
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The Dostrovsky model was not intended for use above about 50 MeV /nucleon, and is
not very suitable for emission of fragments heavier than *He. Better total reaction cross
section models are available today, most notably the NASA model [4-6]. The NASA (or
Tripathi et al.) model is also based on the strong absorption model and its general form is
shown in Eq. 2. The NASA cross section attempts to simulate several quantum-mechanical
effects, such as the optical potential for neutrons and collective effects like Pauli blocking.

(For more details, see Refs. [4-6].)

B
Ecm

ONASA = 777“(2](14}3/3 + A1T/3 +05)*(1 — R, ) X (2)

There are other recently proposed total reaction cross section models, most notably those
by Shen, et al. [7], and Takechi, et al. [8], amongst others [9-13].

The FLUKA and PHITS transport codes teams have recently been analyzing their total
reaction cross sections as well. Fig. 3 is adopted from a paper exploring a new total reaction
cross section used in PHITS: the hybrid Kurotama model [21]. This model is a combination
of the Black Sphere model [9] and the NASA model [4-6]. It is compared to “Tripathi,” who
is the lead author of the NASA cross section model. Fig. 4 is adopted from a paper comparing
a number of different cross section models, most notably those in FLUKA, and Tripathi (or
NASA) again, and several other recently developed models [22]. In these studies the NASA
model matches the experimental data, in general, better than the other cross section models
studied.

PHITS uses the NASA model as its default cross section model, but Shen can be specified
as an option [22]. FLUKA uses a modified version of the NASA model as its cross section
model [23]. GEANT4 has the option to use NASA, or a number of other cross section models
such as Shen [7] or Sihver [24], or the Axen-Wellisch [25] cross section parameterizations for
high-energy hadronic interactions. See Ref. [26, 27] for more details on the total reaction
cross section models used in PHITS, FLUKA and GEANT4.

In the recent Ref. [28], Krylov et al., compares proton spectra as calculated by GEANT4,
SHIELD, and MCNPX 2.6 for relativistic heavy-ion collisions. Fig. 5 is an example of
their findings. A newer (and better) version of MCNPX is now available, but these results

5
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demonstrate the need for updated cross section models within CEM and MCNPG6.
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FIG. 5. (a)—(c) a comparison of the secondary proton spectra for the reactions '*7Au (4.5 GeV /n) +
natFe simulated by the GEANT4, SHIELD, and MCNPX 2.6 codes. (d) a comparison of the angular

distributions of protons for the reactions "Au (4.5 GeV/n) + "*Fe; adopted from Ref. [28].

ITII. OVERVIEW OF THE CEM MODEL

As a rule, a reaction begins with the IntraNuclear Cascade, referred to as either the
INC or as the Cascade (see Fig. 6). The incident particle or nucleus (in the case of using
LAQGSM) enters the target nucleus and begins interacting with nucleons, scattering off
them and also often creating new particles in the process. The incident particle and all
newly created particles are followed until they either escape from the nucleus or reach a
threshold energy (roughly 10-30 MeV per nucleon) and are then considered “absorbed” by
the nucleus.

The preequilibrium stage uses an extension of the Modified Exciton Model (MEM) [29, 30|
to determine emission of protons, neutrons, and fragments up to *He from the residual
nucleus. This stage can have a highly excited residual nucleus undergoing dozens of exciton

transitions and particle emissions. The preequilibrium stage ends when the residual nucleus

7
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FIG. 6. Flowchart of nuclear-reaction calculations by CEM03.03 [16].

is practically as likely to have a An = +2 exciton transaction as a An = —2 exciton
transaction.

In the evaporation stage, neutrons and protons in the outer shells of the residual nucleus
can “evaporate” off, either singly or as fragments. The CEM evaporation stage is modeled
after Furihata’s Generalized Evaporation Model (GEM2) [31], and can emit light fragments
up to 2Mg.

During and after evaporation, the code looks to see if we have an isotope that has Z > 65
and is fissionable. If it is, and there is fission, then the code follows the evaporation stage
for the fission fragments.

There are two models that are not directly part of this linear progression: Coalescence and
Fermi break-up (see Fig. 6). The Cascade stage only emits neutrons, protons, and pions (and
other particles, in the case of using LAQGSM at high energies), so the coalescence model
“coalesces” some of the neutrons and protons produced during the INC into larger fragments,
by comparing their momenta. If their momenta are similar enough then they coalesce. The
current coalescence model can only coalesce up to a “*He fragment, the same as the standard
preequilibrium stage [1]. The Fermi break-up is an oversimplified multifragmentation model

that is fast and accurate for small atomic numbers, so we use it when the residual mass



number is less than or equal to 12.

IV. PREVIOUS INVESTIGATIONS OF TOTAL REACTION CROSS SECTION
MODELS

Stepan Mashnik with collaborators [32, 33] and Dick Prael with coauthors [15, 34] previ-
ously conducted an extensive comparison of the NASA [4-6], Tsang et al. [11], Dostrovsky
et al. [3], Barashenkov and Polansky (CROSEC) [13], and Kalbach [12] systematics for
inverse cross sections. Fig. 7 illustrates some results from the study [32]. They also studied
the B&P model (CROSEC) [13]. Figs. 8 to 12 illustrate more results, for 17 targets-nuclei
from "Be to ?**U from the studies [32, 33]. Their results found that the NASA cross section

model was superior, in general, to the other available cross section models.

V. COMPARISON OF TOTAL REACTION CROSS SECTION MODELS

Here, we built in CEM03.03F the NASA (Tripathi) model [4-6] and the models used in the
preequilibrium (labeled Dostrovsky) and the evaporation stages (or GEM2) of CEMO03.03,
and also compared some reactions to calculations from the Barashenkov and Polanski (B&P)
systematics [13], and, for comparison, to two neutron- and proton-induced reactions cross
sections calculations by MCNP6 [2]. Note that MCNP6 uses currently an updated and
improved version of the initial Barashenkov and Polanski (B&P) systematics [13], as outlined

briefly in Refs. [13, 14], to simulate the mean-free path length of nucleons in the matter.

A. Neutron-Induced Reactions

Fig. 13 displays the total reaction cross section for n + 2%Pb, as calculated by the
NASA, Dostrovsky, GEM2, and B&P models, and compared to calculations by MCNP6
and experimental data. There are several things to notice: 1) the Dostrovsky and GEM2
(also a Dostrovsky-based model) both approach asymptotic values very quickly—thus they
are not as useful at their constant values, and 2) the NASA model, while much better at
predicting the reaction cross section throughout the energy spectrum, falls to zero at low

energies. This is unphysical to use for an inverse cross section, because neutrons are emitted

9
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FIG. 7. Absorption cross section by energy for various reactions, as calculated in Ref. [32] by the
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suggested in [32] to account for both NASA [5] and Kalbach [12] systematics, in case on neutron-

induced reactions.
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FIG. 8. Examples of total reaction cross section on target-nuclei °Be, 1B, 2C, and “N studied
in Refs. [32, 33] with Kalbach [12], NASA [4-6], Tsang et al. [11], Dostrovsky et al. [3], and
Barashenkov and Polansky (CROSEC) [13] systematics compared with experimental data (refer-

ences on experimental data can be found in [32]).

with low energies, and therefore this is something we need to alter in the NASA model to

be able to apply it to inverse cross sections.
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FIG. 9. Examples of total reaction cross section on target-nuclei 160, 2°Ne, 27Al, and °Ca studied
in Refs. [32, 33] with Kalbach [12], NASA [4-6], Tsang et al. [11], Dostrovsky et al. [3], and
Barashenkov and Polansky (CROSEC) [13] systematics compared with experimental data (refer-

ences on experimental data can be found in [32]).

Fig. 14 displays the total reaction cross section for n + '°Sn, ®3Cu, 27Al, and 2C, as

calculated by the NASA, Dostrovsky, and GEM2 models, and compared to experimental
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FIG. 11. Examples of total reaction cross section on target-nuclei 14°Ce, ®¥1Ta, 7 Au, and 2%Bi
studied in Refs. [32, 33] with Kalbach [12], NASA [4-6], Tsang et al. [11], Dostrovsky et al.
[3], and Barashenkov and Polansky (CROSEC) [13] systematics compared with experimental data

(references on experimental data can be found in [32]).
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Kalbach [12], NASA [4-6], Tsang et al. [11], Dostrovsky et al. [3], and Barashenkov and Polansky
(CROSEC) [13] systematics compared with experimental data (references on experimental data

can be found in [32]).
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FIG. 13. Reaction cross section for n + 2%®Pb, as calculated by the NASA, Dostrovsky, GEM2,

and B&P models. The black dots are cross section calculations of MCNPG6, and the yellow points

are experimental data [35-45].

B. Proton-Induced Reactions

Fig. 15 illustrates calculated cross sections by the NASA, Dostrovsky, GEM2, and B&P
models, compared to calculations by MCNP6 and experimental data. The NASA model

appears to be superior to the Dostrovsky-based models.

Fig. 16 displays the total reaction cross section for p + 28Si, *Fe, 07Ag, and *TAu, as

calculated by the NASA, Dostrovsky, and GEM2 models and compared to experimental
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FIG. 14. Reaction cross section for various neutron-induced reactions, as calculated by the NASA,

Dostrovsky, and GEM2 models. The yellow points are experimental data [35-39, 46-48].

data.

C. Heavy-Ion Induced Reactions

We never tested before how CEMO03.03 calculates inverse cross sections for light fragments

(LF) heavier than “He. We address this question below.

Fig. 17 illustrates calculated cross sections by the NASA, Dostrovsky, GEM2, and B&P

models for the reactions o + 22Si and %Li + 2%8Pb, compared to experimental data.

Fig. 18 displays the total reaction cross section for *He + 2%Pb, 4He + 23U, SHe + 28Si,
6He + %3Cu, SLi + 28Si, and SLi + °Zr, as calculated by the NASA, Dostrovsky, GEM2,
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FIG. 15. Reaction cross section for p + '2C, as calculated by the NASA, Dostrovsky, GEM2, and
B&P models. The black dots are cross section calculations of MCNPG6, and the yellow points are

experimental data [49].

and B&P models and compared to experimental data.

Fig. 19 displays the total reaction cross section for “Be + 28Si, "Li + 28Si, “Li + 28Pb,
SHe + 28Si, 1B + 28Si, and “Be + 2°8Pb, as calculated by the NASA, Dostrovsky, GEM2,

and B&P models and compared to experimental data.

Fig. 20 displays the total reaction cross section for 'Be + 2*Pb and 'C + 28Si, as cal-

culated by the NASA, Dostrovsky, GEM2, and B&P models and compared to experimental
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FIG. 16. Reaction cross section for various proton-induced reactions, as calculated by the NASA,

Dostrovsky, and GEM2 models. The yellow points are experimental data [49-51].

data.

Fig. 21 displays the total reaction cross section for 12C + 12C, as calculated by the NASA,

Dostrovsky, GEM2, and B&P models and compared to experimental data and to measured

total charge-changing (TCC) cross sections. TCC cross sections should be 5% — 10% less

than total reaction cross sections, as TCC cross sections do not include the neutron removal

cross section.

The NASA (Tripathi) cross section model seems to fit the experimentally measured data,

in general, better than the other models tested.

19



1800 T T T

28¢;
+
1600 o Si R

1400 R

¢
w7 ~
1000} iﬁ% R j; N ]

=)
E .
: 41 *
5~ 800} g
1
600 ,'% -
1 % ©  Exp. Data
a0l r NASA |
4 trrroo Dostrovsky
200 y GEM2
/ - = = B&P
V]
0‘ : N | : | : | : N
10° 10' 10° 10° 10
T (MeV/nucleon)
4500 , , ,
4000 [ ]
3500 1
3000 1
= 2500 1
£
2
5 20001 1
1500 { -
§ 3 ©  Exp. Data
1000 - NASA -
©orrrrrDostrovsky
< GEM2
s00r ! - - - BepP |
0 R | n n n PR | n n n PR |
10° 10" 10° 10° 10*

T (MeV/nucleon)
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FIG. 19. Reaction cross section for various heavy-ion-induced reactions, as calculated by the NASA,
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VI. IMPLEMENTATION OF NASA CROSS SECTION MODEL INTO MEM
A. Emission Width, I';, Calculation

CEM uses the inverse cross section, 0;,,, in determining what particles and /or fragments
are emitted from the excited nucleus. The probability of emitting fragment type j, called

the emission width I';, is calculated according to Eq. 3, and is dependent upon oy, .

E=Bi 95,41 ~1,h,E—B;—T)

w(p
Vi 253 Njgfe(pv h)

Li(p, h, E) = / T0im,(T)dT,  (3)

‘/:jc

where:

p is number of particle excitons;

h is number of hole excitons;

F is internal energy of the excited nucleus (sometimes referred to as U);

B; is the binding energy of particle j;

V¢ is Coulomb barrier of particle j;

7y, is probability that the proper number of particle excitons will coalesce to form a type
j fragment (also called 74 in a number of early publications; see, e.g., Refs. [69, 70]);
s; is the spin of the emitted particle j;

(t; is the reduced mass of the emitted particle 7;

R creates zero probability of emission if the number of particle excitons is less than
the number of nucleons in particle j;

w is the level density of the n-exciton state;

T is the kinetic energy of the emitted particle j;

Oinev 18 the inverse cross section.

In the old calculation by CEM03.03 (called gamagu?2), the Dostrovsky form of the cross
section was simple enough that for neutrons and protons this integral could be evaluated
analytically. However, for complex particles the level density (or w) becomes too complicated
and the integral is evaluated numerically. In this case a 6-point Gaussian quadrature was
used when the exciton number is 15 or less, and a 6-point Gauss-Laguerre quadrature was
used when the number of excitons is over 15. We will see later why the two methods are

needed.

24



In the new calculation we adopt here for CEMO03.03F (called gamagu3), the NASA form
of the cross section is too complicated and the integral is always calculated numerically. We
started by using an 8-point Gaussian quadrature.

For a little bit of history, there was a gamagu “the first,” of this series (actually, the very
first FORTRAN function to calculate I'; in the MEM code MODEX [30] was called gammap;
later, several updates and improvements were used in MEM under a name of gammam, until
gamagu was introduced in an early version of CEM). This was similar to gamagu3. In other
words, it used 8-point Gaussian quadrature and accepted a general form for the inverse cross
section. And then about ten years ago Arnold Sierk upgraded it to include 1) analytical
integration for nucleons and 2) Gauss-Laguerre quadrature for high exciton number. While
this was an improvement, in this process the Dostrovsky cross section was “hard-wired”
into the I'; calculation, so that when we began this project, we started with the older I';
calculation (gamagu), before it had been modified, as it allows for a general form for the
inverse cross section.

Fig. 22 shows the plots of I'; as a function of the internal energy of the excited nucleus for
emitted protons and *He from an excited 1% Au nucleus with 55 excitons, 25 particle excitons,
and 13 charged particle excitons. Remember that these are unnormalized probabilities of
emission. Gamagu?2 is the old CEMO03.03 I'; calculation. Gamagu3 is the new calculation,
using either the Dostrovsky or NASA cross section. Gamagu2 should be very similar to
Gamagu3-Dostrovsky because the only significant difference is the method of integration.
For protons this difference is roughly 15%, for « it is not significant. Protons are calculated
analytically in gamagu?2, and with an 8-pt Gaussian quadrature in gamagu3. From our tests,
changing from a 6-point to an 8-point Gaussian quadrature can make as much as a 25%
difference, and changing from the Gauss-Legendre to a Gauss-Laguerre can make as much
as a 35% difference. This is a clue that the numerical integration needed to be re-evaluated,
which we detail in a subsequent section.

Fig. 23 plots T'; for °Li, for the same excited '?®Au nucleus. Note that the old gamagu?

was hard-wired to only work properly for up to *He. This is because of how it calculated

(=)

Instead of putting in the A-number of the fragment considered into Eq. 4, it used IF

this term here:

statements to decide if the emitted fragment was a deuteron, triton, *He, or “He, and
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FIG. 22. T'; as a function of the internal energy of the excited nucleus for emitted protons and
4He from an excited "® Au nucleus with 55 excitons, 25 particle excitons, and 13 charged particle

excitons.
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multiply by the factor ((7'+ Bj)/E) the correct number of times. So for fragments larger
than *He it does not work. This does not effect the old CEMO03.03 results at all, as CEM03.03
does not allow for the emission of anything heavier than *He in its MEM anyway. This will,
however, significantly impact our v; parameterization for our expanded MEM. Referring to
Eq. 3, the lowercase 7; (also often called 73) is a measure of the probability of the particle
excitons to coalesce and form a light fragment. However, this is too computationally time-
consuming to calculate accurately for complex particles and so is approximated and then

adjusted to match experimental data, as was done in the past by other authors (see, e.g.,

Refs. [69, 70]).

Fig. 24 shows T'; for neutrons for the same '"®Au excited nucleus. Remember that the
NASA cross section goes to zero for low-energy neutrons, making it unsuitable for an inverse
neutron cross section calculation without modification. We need to implement Kalbach
systematics into our NASA cross section, for low-energy neutrons, which we have done and

show our results in the next section. However, upon further investigation we also discovered
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FIG. 23. T'; as a function of the internal energy of the excited nucleus for emitted °Li from an

excited "8 Au nucleus with 55 excitons, 25 particle excitons, and 13 charged particle excitons.
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FIG. 24. T'; as a function of the internal energy of the excited nucleus for emitted neutrons from

an excited " Au nucleus with 55 excitons, 25 particle excitons, and 13 charged particle excitons.

the issue is exacerbated by our initial integration method (8-pt Gaussian quadrature only).

Fig. 25 is a snapshot of the integrand, \;, the partial transmission probability, or the
probability that fragment type j will be emitted with kinetic energy T. This A; is for the
emission of neutrons from the same ¥ Au excited nucleus as before, with an internal nucleus
energy of 200 MeV. Our Gaussian quadrature will be sampling from 0 to roughly 200 MeV,
however \; becomes negligible by about 40 MeV. Table I displays the abscissas for an 8-point
Gauss-Legendre and an 8-point Gauss-Laguerre quadrature. What is interesting to note is
that with the NASA cross section, the 8-pt Gaussian quadrature almost entirely misses the

peak (as there are samples taken at T=3.84 and 19.7 MeV). Thus the very low values of I',,.

However, in this case we have 55 excitons—quite a large number-and one that would
in the old calculation integrate by the 6-point Gauss-Laguerre method (if it wasn’t done
analytically). This method has much better sampling points for this case. For cases of low
exciton number, the peak becomes increasingly spread out (see Fig. 26 for an example of 10

excitons), and so the simple Gaussian performs adequately.
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FIG. 25. A; as a function of the kinetic energy of the emitted neutron, from an excited 198 Ay

nucleus with U = 200 MeV and 55 excitons, 25 particle excitons, and 13 charged particle excitons.

TABLE I. 8-point Gaussian and Gauss-Laguerre sampling points

8-pt Gaussian 8-pt Gauss-Laguerre

3.84 MeV 0.428 MeV
19.7 MeV 2.27 MeV
45.9 MeV 5.66 MeV
79.0 MeV 10.7 MeV
114. MeV 17.7 MeV
148. MeV 27.1 MeV
174. MeV 39.6 MeV
190. MeV 57.5 MeV
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FIG. 26. A; as a function of the kinetic energy of the emitted neutron, from an excited 198 Ay

nucleus with U = 200 MeV and 10 excitons, 6 particle excitons, and 3 charged particle excitons.
B. Kalbach Systematics

We added Kalbach systematics to fix the NASA cross section for low-energy neutrons.
Fig. 27 displays the Kalbach implementation for the cross section n + 2°*Pb. At around 24
MeV and below the calculation switches to Kalbach, and is NASA throughout the rest of
the spectrum. The Kalbach is scaled to match the NASA at the switchpoint so as not to
have a large jump. Fig. 28 shows our new I',,. It is much improved, as expected.

As part of the Kalbach implementation, switchpoints and scaling factors must be obtained
for all possible residual nuclei, by mass number. Table II lists these switchpoints and scaling

factors calculated in this work, so as to maintain a smooth cross section energy dependence.

TABLE II: Switchpoints and scaling factors for the Kalbach implementation

Apesidual SWitchpoint (MeV) Scaling Factor| A, esiguar SwWitchpoint (MeV) Scaling Factor

2 14.55 0.00 3 14.97 0.6757

Continued on next page
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FIG. 27. Reaction cross section for n + 28Pb, as calculated by the NASA, NASA-Kalbach hybrid,
Dostrovsky, GEM2, and B&P models. The black dots are cross section calculations of MCNPG,

and the yellow points are experimental data [35-45].

TABLE II — continued from previous page

Apesidual Switchpoint (MeV) Scaling Factor| A, esiguar Switchpoint (MeV) Scaling Factor

4 55.64 0.5922 5 6.32 1.111
6 6.30 1.057 7 6.24 1.099
8 6.46 1.144 9 6.24 1.122

Continued on next page
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FIG. 28. T'; as a function of the internal energy of the excited nucleus for emitted neutrons from

an excited " Au nucleus with 55 excitons, 25 particle excitons, and 13 charged particle excitons.

TABLE II — continued from previous page

Apesidual Switchpoint (MeV) Scaling Factor| A, esiguar Switchpoint (MeV) Scaling Factor
10 6.36 1.13 11 5.95 1.089
12 12.94 0.9642 13 8.86 1.062
14 8.85 1.045 15 8.70 1.055
16 8.69 1.04 17 8.63 1.050
18 8.64 1.059 19 9.03 1.047
20 8.99 1.031 21 9.01 1.040
22 8.97 1.05 23 8.87 1.038
24 8.80 1.026 25 8.66 1.031
26 8.72 1.037 27 8.82 1.028
28 8.81 1.016 29 8.47 1.017

Continued on next page
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TABLE II — continued from previous page

Apesidual SWitchpoint (MeV) Scaling Factor

Apesidual SWitchpoint (MeV) Scaling Factor

30
32
34
36
38
40
42
44
46
48
50
52
o4
56
58
60
62
64
66
68
70
72
74
76
78
80
82

8.47
8.33
8.20
8.07
7.94
8.15
8.61
8.47
8.41
8.27
8.14
7.32
7.21
7.15
7.05
6.71
6.63
6.23
6.17
6.42
6.38
6.32
6.28
6.24
6.21
6.17
6.16

1.019
0.9962
0.9967
0.9856
0.9812
0.9675

1.031

1.037

1.043

1.048

1.052

1.049

1.052

1.055

1.057

1.051

1.053

1.054

1.055

1.059

1.061

1.063

1.065

1.066

1.068

1.069

1.070

31
33
35
37
39
41
43
45
47
49
51
53
95
o7
59
61
63
65
67
69
71
73
75
7
79
81
83

8.34 1.008
8.21 0.9965
8.08 0.9851
7.96 0.9841
7.83 0.9680
8.75 1.028
8.59 1.034
8.43 1.040
8.30 1.046
8.17 1.050
8.09 1.054
7.29 1.051
7.17 1.054
7.07 1.056
6.97 1.058
6.67 1.052
6.59 1.054
6.20 1.055
6.46 1.058
6.40 1.061
6.34 1.062
6.30 1.064
6.25 1.066
6.22 1.067
6.19 1.068
6.17 1.070
6.15 1.071

Continued on next page
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TABLE II — continued from previous page

Apesidual SWitchpoint (MeV) Scaling Factor| A, esiguar Switchpoint (MeV) Scaling Factor
84 6.14 1.071 85 6.14 1.072
86 6.13 1.073 87 6.12 1.073
88 6.12 1.074 89 6.12 1.074
90 6.12 1.074 91 6.11 1.074
92 6.12 1.074 93 6.14 1.074
94 6.14 1.074 95 6.15 1.074
96 6.16 1.074 97 6.19 1.074
98 6.18 1.074 99 6.21 1.073
100 6.23 1.073 101 6.24 1.073
102 6.26 1.073 103 6.25 1.073
104 6.31 1.073 105 6.33 1.072
106 6.36 1.072 107 6.38 1.072
108 6.42 1.072 109 6.45 1.071
110 6.48 1.071 111 6.52 1.070
112 6.55 1.070 113 6.58 1.069
114 6.62 1.069 115 6.67 1.069
116 6.71 1.068 117 6.74 1.067
118 6.80 1.067 119 6.85 1.066
120 6.89 1.066 121 6.95 1.065
122 7.00 1.064 123 7.05 1.064
124 7.10 1.063 125 7.16 1.063
126 7.21 1.062 127 7.28 1.061
128 7.33 1.060 129 7.40 1.060
130 7.46 1.059 131 7.53 1.058
132 7.60 1.057 133 7.68 1.056
134 7.74 1.055 135 7.82 1.054
136 7.89 1.053 137 7.97 1.052

Continued on next page
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TABLE II — continued from previous page

Apesidual SWitchpoint (MeV) Scaling Factor

Ayesidual SWitchpoint

(MeV) Scaling Factor

138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190

8.04
8.21
8.67
8.85
9.06
9.25
9.46
9.66
9.87
10.12
10.34
10.55
10.83
11.08
11.31
11.63
11.90
12.16
12.48
12.80
13.11
13.42
13.71
14.06
14.44
14.78
15.14

1.051
1.048
1.046
1.044
1.041
1.039
1.036
1.033
1.030
1.028
1.025
1.022
1.020
1.017
1.015
1.012
1.009
1.007
1.004
1.002
0.9992
0.9968
0.9944
0.9920
0.9899
0.9868
0.9845

139
141
143
145
147
149
151
153
155
157
159
161
163
165
167
169
171
173
175
177
179
181
183
185
187
189
191

8.12
8.59
8.78
8.96
9.13
9.33
9.57
9.77
9.98
10.22
10.47
10.71
10.96
11.22
11.47
11.75
12.06
12.35
12.64
12.94
13.25
13.60
13.91
14.23
14.60
14.96
15.31

1.050
1.047
1.045
1.042
1.033
1.037
1.035
1.031
1.029
1.026
1.027
1.021
1.018
1.017
1.013
1.012
1.008
1.005
1.002
0.9997
0.9980
0.9956
0.9930
0.9911
0.9888
0.9856
0.9838

Continued on next page
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TABLE II — continued from previous page

Apesidual SWitchpoint (MeV) Scaling Factor

Ayesidual SWitchpoint

(MeV) Scaling Factor

192
194
196
198
200
202
204
206
208
210
212
214
216
218
220
222
224
226
228
230
232
234
236
238
240
242
244

15.52
15.88
16.30
16.66
15.42
15.47
19.97
20.02
24.94
25.05
25.10
25.14
25.08
25.14
25.18
25.22
25.28
25.22
25.28
25.31
25.38
25.39
25.36
25.40
25.45
25.48
25.53

0.9827
0.9799
0.9776
0.9752
0.8902
0.8903
0.8992
0.8990
0.9042
0.9740
0.9585
0.9600
0.9583
0.9571
0.9704
0.9701
0.9689
0.9544
0.9532
0.9672
0.9660
0.9661
0.9647
0.9638
0.9652
0.9522
0.9511

193
195
197
199
201
203
205
207
209
211
213
215
217
219
221
223
225
227
229
231
233
235
237
239
241
243
245

15.70
16.10
16.47
16.86
15.45
15.53
19.98
25.02
25.06
25.02
25.05
25.10
25.16
25.20
25.15
25.21
25.27
25.29
25.33
25.29
25.34
25.38
25.44
25.47
25.43
25.45
25.50

0.9815
0.9788
0.9764
0.9741
0.8902
0.8906
0.8993
0.9041
0.9748
0.9576
0.9591
0.9591
0.9577
0.9565
0.9708
0.9695
0.9683
0.9538
0.9680
0.9526
0.9527
0.9656
0.9516
0.9659
0.9646
0.9516
0.9506

Continued on next page
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TABLE II — continued from previous page

Apesidual SWitchpoint (MeV) Scaling Factor

Ayesidual SWitchpoint

(MeV) Scaling Factor

246
248
250
252
254
256
258
260
262
264
266
268
270
272
274
276
278
280
282
284
286
288
290
292
294
296
298

25.49
25.52
25.56
25.58
25.66
25.60
25.63
25.67
25.68
25.77
25.71
25.77
25.79
25.85
25.85
25.84
25.88
25.88
25.96
25.96
25.94
25.97
26.01
26.08
26.10
26.06
26.08

0.9500
0.9510
0.9522
0.9511
0.9520
0.9507
0.9518
0.9508
0.9518
0.9509
0.9518
0.9519
0.9508
0.9508
0.9518
0.9507
0.9507
0.9507
0.9497
0.9495
0.9485
0.9486
0.9476
0.9486
0.9484
0.9472
0.9476

247
249
251
253
255
257
259
261
263
265
267
269
271
273
275
277
279
281
283
285
287
289
291
293
295
297
299

25.55
25.58
25.55
25.58
25.63
25.66
25.68
25.65
25.67
25.71
25.77
25.82
25.79
25.82
25.85
25.88
25.88
25.88
25.93
25.96
25.99
26.03
25.99
26.04
26.08
26.12
26.14

0.9505
0.9517
0.9516
0.9513
0.9513
0.9514
0.9513
0.9512
0.9513
0.9513
0.9524
0.9514
0.9502
0.9513
0.9512
0.9502
0.9512
0.9502
0.9501
0.9490
0.9491
0.9481
0.9480
0.9490
0.9478
0.9481
0.9471

Continued on next page
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TABLE II — continued from previous page

Apesidual SWitchpoint (MeV) Scaling Factor| A, esiguar Switchpoint (MeV) Scaling Factor

300 26.13 0.9478 301 26.08 0.9472

C. Gauss-Laguerre Quadrature

We added the option to use 8-point Gauss-Laguerre quadrature for high exciton number
(> 15). Fig. 29 shows a comparison of the simple Gaussian and Gauss-Laguerre quadratures.
Also notice that the NASA-Kalbach has much higher values of A; at the low end of the
spectrum than the pure NASA. The purple dots are the 8pt Gaussian quadrature and
the black dots are the 8-pt Gauss-Laguerre quadrature. The Gaussian was exceptionally
fortunate in that it struck the peak with its one low-end point. However, this leads to
significant overestimation of \; down the tail. The Gauss-Laguerre underestimates the peak
but then overestimates slightly along the tail. Even though it is clear this is not a very
close fitting of \;, changing to a 10-pt Gauss-Laguerre only yielded a 0.2% difference. A
future project could include investigating the behavior of A; across the variable landscape,
and implementing an adaptive quadrature scheme. However, whatever numerical integration
method we use must be fast as this integral is calculated hundreds of times for every event,

and therefore billions of times for a typical simulation.

VII. RESULTS

Our preliminary results are promising. Fig. 30 displays the double differential cross
section for the production of °He and “Li from the reaction 1200 MeV p + *7Au. The blue
dashed lines are the expanded-MEM results (with the Dostrovsky cross section), and the red
solid lines are results from the expanded-MEM with the upgraded NASA-Kalbach inverse
cross section. The green points are experimental data by [20]. We see an improved accuracy
in the particle spectra in the high-energy tails with the NASA inverse cross section.

For another example of our results, Fig. 31 plots the double differential cross section
for the production of %Li and “Be from the reaction 200 MeV p + ®°Co. Again notice
the improved agreement with data in the high-energy tails. This reaction also highlights
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FIG. 29. A; as a function of the kinetic energy of the emitted neutron, from an excited 198 Ay

nucleus with U = 200 MeV and 55 excitons, 25 particle excitons, and 13 charged particle excitons.

the importance of eventually upgrading the inverse cross section used in the evaporation
stage of CEM, as well. The evaporation stage produces the peak of the spectra, which for
this reaction is too low, especially for “Be. With the implementation of the NASA inverse
cross section in the preequilibrium stage we see improved agreement with data in the high-
energy tails, but in order to achieve improved agreement in the peak we would need to also
implement the NASA inverse cross section in the evaporation stage. We hope to do this in

the future.

VIII. CONCLUSION

We upgraded the inverse cross section model in the preequilibrium stage of CEM03.03F
to the NASA-Kalbach model. This included:

e Writing the NASA and coulomb barrier modules;

e Re-writing the I'; routines, including transforming them into modular Fortran;
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FIG. 30. Double differential cross section for the production of 5He and 7Li from the reaction
1200 MeV p + 97Au, for the angles of 15.6°, 20°, 35°, 50°, 65°, 80°, and 100°. The blue dashed
lines are the expanded-MEM results (with the Dostrovsky inverse cross section), and the red solid
lines are the expanded-MEM results with the NASA-Kalbach inverse cross section. The green

points are experimental data by Budzanowski, et al [20].

40



d’6/dT/dQ (mb/MeV/sr)

()
~
>
é
g
c
z
e
2
N’O
=
i ]
10 n n |‘
i B | . ) L A |
0 20 40 60 80
T (MeV)

FIG. 31. Double differential cross section for the production of Li and "Be from the reaction
200 MeV p + %°Co, for the angles of 20°, 45°, 60°, 90°, and 110°. The blue dashed lines are
the expanded-MEM results (with the Dostrovsky inverse cross section), and the red solid lines are
the expanded-MEM results with the NASA-Kalbach inverse cross section. The green points are

experimental data by Machner, et al [19].
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e Adding Kalbach systematics for low-energy neutrons;

e Adding Gauss-Laguerre quadrature for cases of high exciton number.

Our preliminary results are promising.

Future recommendations include:

e Re-parameterizing v; (sometimes called as 73);
e Investigating adaptive quadrature;

e Upgrading the inverse cross section used in the evaporation stage to the NASA-Kalbach

cross section;

e Replacing GEM2 with a better evaporation/fission/fragmentation model.

There are several implications of this work on MCNP6. CEMO03.03 is the default generator
in MCNP6 for high-energy collisions induced by nucleon, pions, and gammas at energies up
to several GeVs. Improvements to the CEM inverse cross sections should, therefore, result in
improved prediction of particle spectra and total production cross sections, especially above
~100 MeV and for fragments heavier than *He, among other results. In addition, MCNP6
uses the updated Barashenkov and Polanski (B&P) total reaction cross section systematics
to simulate the mean-free path of neutrons, protons, and light fragments up to ‘He. It
uses a parameterization based on a geometric cross section for fragments heavier than “He.
Possible direct improvement of MCNP6 may be obtained by replacing the B&P model with
NASA systematics and by replacing the geometric cross section approach with the better
NASA model.
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