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ABSTRACT

Emission of light fragments (LF) from nuclear reactions is an open question. Different
reaction mechanisms contribute to their production; the relative roles of each, and
how they change with incident energy, mass number of the target, and the type and
emission energy of the fragments is not completely understood.

None of the available models are able to accurately predict emission of LF from
arbitrary reactions. However, the ability to describe production of LF (especially at
energies 2 30 MeV) from many reactions is important for different applications, such
as cosmic-ray-induced Single Event Upsets (SEUs), radiation protection, and cancer
therapy with proton and heavy-ion beams, to name just a few. The Cascade-Exciton
Model (CEM) version 03.03 and the Los Alamos version of the Quark-Gluon String
Model (LAQGSM) version 03.03 event generators in Monte Carlo N-Particle Transport
Code version 6 (MCNP6) describe quite well the spectra of fragments with sizes up
to *He across a broad range of target masses and incident energies (up to ~ 5 GeV
for CEM and up to ~ 1 TeV/A for LAQGSM). However, they do not predict the high-
energy tails of LF spectra heavier than “He well. Most LF with energies above several
tens of MeV are emitted during the precompound stage of a reaction. The current
versions of the CEM and LAQGSM event generators do not account for precompound
emission of LF larger than “He.

The aim of our work is to extend the precompound model in them to include such
processes, leading to an increase of predictive power of LF-production in MCNP6.
This entails upgrading the Modified Exciton Model currently used at the preequilib-
rium stage in CEM and LAQGSM. It also includes expansion and examination of the
coalescence and Fermi break-up models used in the precompound stages of spallation
reactions within CEM and LAQGSM. Extending our models to include emission of
fragments heavier than “He at the precompound stage has indeed provided results

that have much better agreement with experimental data.



iv

TABLE OF CONTENTS

AUTHORIZATION TO SUBMIT DISSERTATION . . . . . . . . . . . . . . ii
ABSTRACT . . . . . . o o o v v e e e e e iii
TABLE OF CONTENTS . . . .« . . ¢ v v v v v e et e e e e e iv
LisT OF TABLES . . . . . . . . . . o« . e e Vi
LisT OF FIGURES . . . . . . . . . . . . . . ..o vii
ACKNOWLEDGEMENTS . . . . .« « « « v v v it e e e e e e xi
DEDICATION . . . . . . . . . . . o o oo e e e e e XV

1 INTRODUCTION . . . . . . . . o . o v o e et e e e e e 1
1.1  Why This ResearchIs Needed . . . . . ... ... ... .. ... ..... 2

1.2 CEMand LAQGSM Physics . . . . ... ... ... .. ... ... ... 5

1.3 Emission of High-Energy LF in Other Models . . . ... ... ...... 14

2 FERMI BREAKUP . . . . . . . . . . . . . . .o 17
2.1 Investigation of Fermi Breakup Cut-off . ... ... ... .. ....... 18

2.2 Fragment Production Cross Sections . . . ... ............... 19

23 FragmentSpectra . . ... ... ... ... ... . . Lo oL 31

2.4 Limiting Fragmentation . .. ... ... ... ... ............. 34

25 Conclusion . . . . . .. e 40

3 COALESCENCE . . . . .« « o o v v vt e s e e e e 44
3.1 Background ... ... ... ... o 45

3.2 Test Case: 800 MeV/nucleon Ne+Ne . . . ... ... .. ... ...... 46

3.3 Coalescence ExpansioninCEM . . . .. ..... ... ........... 48

3.4 Resultsand Analysis . . . ... ... ... ... ... .. ... .. .. 50

3.5 Conclusion . . . . . . . . 54

4 PREEQUILIBRIUM —EXPANSION . . . . . . . . . . . . . . . . .. .. 56
4.1 The Modified Exciton Model MEM) . . . . . ... ... ... ... 57

42 MEMExpansion. . . ... ... ... ... ... . . 0. 62

4.3 Preliminary Results . . . . ... ... ... ... L L o o L 67

5 PREEQUILIBRIUM —INVERSE CROSS SECTIONS . . . . . . . . . . . . . 70
51 Background ... ... ... ... ... o 72

5.2 Comparison of Total Reaction Cross Section Models . . . . . ... .. .. 76

5.3 Implementation of NASA Cross Section Model into CEMo3.03F . . . . . 79

54 Results . . . ... .. 90

55

Conclusion . . . . . . . .. 92



PREEQUILIBRIUM —79; MODEL . . . . . . . . . . . . . .. .. .. .. 95
6.1 Background ... .. ... ... ... oo 95
6.2 Statistical Analysis . . ... ... .. .. L Lo 98
6.3 Comparison of Spectra with Fitted F; vs. Spectra with F; Model . . . . . 114
6.4 Conclusion . . . . . . . ... 118
TESTING THE PREDICTIVE POWER OF CEMo3.03F. . . . . . . . . . .. 120
7.1 Fragment Spectra for Proton-Induced Reactions . . . ... ... ... .. 121
7.2 Fragment Spectra for Neutron-Induced Reactions . . . . ... ... ... 139
7.3 Fragment Spectra from - and m-Induced Reactions . . . . . . ... ... 144
7.4 ProductYields . . . . . . . ... 147
7.5 Computation Time Considerations . . . . .. ... .. ........... 152
7.6 Conclusions . . . . . ... ... .. 152
IMPLEMENTATION WITHIN MCNP6 . . . . . . . . . . . . . . . ... 154
8.1 Expanded GENXSOption . . ... ..... ... ... ....... 155
8.2 MCNP6 Implementation . . . . .. ....... ... ... ... ... 161
8.3 Conclusion . . . . . . . . . 174
SUMMARY . . . . . .« . . oo e 175
REFERENCES . . . . . . . . . . . o o o 0t eeeee 179
APPENDICES . . . . . .« v v v v e e e e e e e e e e e e . 197
FITTED F; VALUES . . . . . . . . . . . . o . . o . 197



Vi

LisTt OF TABLES

TaBLE 3.1 Computation Times with and without the Expanded Coalescence

Model . . . . . . . . ..o . . 50
TABLE 4.1 The emitted particles considered by the modified MEM. . . . . . . 62
TABLE 5.1 8-point Gaussian and Gauss-Laguerre sampling points . . . . . . 86
TaBLE 7.1 Computation Times for CEMo3.03 and CEMo3.03F . . . . . . . . 152

TABLE A.1 Fj for various reactions. . . . . . . . . . . . .. ... 197



LisT OF FIGURES

vii

Fi1GURE

FIGURE
Fi1GURE

FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FI1GURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
F1GURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE

FiGURE

Fi1GURE
F1GURE

Fi1GURE
F1GURE

Fi1GURE

FIGURE
FiGURE

F1GURE
F1GURE

-

[y
W N

N N NN DNDNMDNNDNDMNMDNMDNDNDNDNNNN

3 oUl & L N R

Photographs of the damaged Airbus after an SEU

Original results for the reaction 200 MeV p + 27 Al.
Flow chart of CEM/LAQGSM Model .

Total inelastic cross section and excitation functions from p + 4N.
More excitation functions from p + N .

Yet more excitation functions from p + *N.

Still more excitation functions from p + 4N . . .
Total inelastic cross section and excitation functions from p + 16O
More excitation functions from p + 1O .

Yet more excitation functions from p + 160.

Still more excitation functions from p + O

.9 Total inelastic cross section and excitation functions from p + 27A1
.10 More excitation functions from p + 27Al .

.11 Yet more excitation functions from p + 27 Al .
.12 Total inelastic cross section and excitation functions frorn p+ 2851.
.13 More excitation functions from p + 28Si .

.14 Yet more excitation functions from p + 2%Si.

.15 Production cross sections from p + °O at 600 MeV .

.16 More production cross sections from p + O at 600 MeV

.17 Production cross sections from 2°Ne of 600 MeV /nucleon with H.
.18 Production cross sections from 290 MeV /nucleon “Ne and 'O

with C and Al

.19 Production cross sections from 600 MeV/ nucleon 20Ne w1th C

and Al, and 400 MeV /nucleon Mg with C and Al .

.20 Spectra from p + 'Be at 190 MeV .

.21 Spectra from p + *Be at 300 MeV .

.22 Spectra from p + ?Be at 392 MeV .

.23 Spectra from 70 MeV p + C.

.24 Spectra from 70 MeV p + *N and 160 Coe

.25 *He spectra (at 35°) from 1.2/1.9/2.5 GeV p + 12C. . .

.26 Total production cross sections by isotope from 1.2/1.9 / 2.5 GeV

p+12C

.27 Deviation Factors .

2.28 Deviation Factors for all combinations of xC’ZZC/ xex}j .

FIGURE 3.1 Spectra from 2°Ne + NaF at 800 MeV /nucleon .
FIGURE 3.2 Spectra from 1200 MeV p + % Au with coalescence .

(o)

20
21
21
22

24
24
25
26
27
27
28
29
29
30
30
31

32

33
34
35

37
37

39
42
43

46
51



FIGURE 3.3
FIGURE 3.4

FIGURE 4.1
FIGURE 4.2
FIGURE 4.3
FIGURE 4.4
FIGURE 4.5
FIGURE 4.6

FIGURE 5.1

FIGURE 5.2
FIGURE 5.3
FIGURE 5.4
FIGURE 5.5
FIGURE 5.6
FIGURE 5.7
FIGURE 5.8
FIGURE 5.9
FIGURE 5.10

FIGURE 5.11
FIGURE 5.12

FIGURE 5.13

FIGURE 5.14

FIGURE 6.1
FIGURE 6.2

FIGURE 6.3
FIGURE 6.4

FIGURE 6.5
FIGURE 6.6
FIGURE 6.7
FIGURE 6.8
FIGURE 6.9
FIGURE 6.10
FIGURE 6.11

viii

Spectra from 480 MeV p + " Ag with coalescence. . . . . . . . 52

®Li Spectra from 480 MeV p + " Ag with coalescence . . . . . . 54
Flowchart for emission of light fragments in the MEM code . . . 63
Properties of residual nuclei for 200 MeV p + Al . . . . . . . 64
Properties of residual nuclei for 200 MeV p + 17Au. . . . . . . 65
Properties of residual nuclei for 2500 MeV p + ¥7Au . . . . . . 66
Preliminary spectra for 200 MeV p + Al . . . . . . . . . . . 68
Angle integrated cross sections . . . . . . . . . . .. oL L. 69
ZAl(p,PLi)X cross sections . . . . . . ... ... ... 72
Y7 Au(p,/Li)X cross sections . . . . . . ... 73
“Hybrid” approach to cross sections . . . . . . . . . . . .. 75
Reaction cross section forn +2%pPb . . . . . . . . . . .. N 4
Reaction cross section forp +12C. . . . . . . . . . . . . .. 78
Reaction cross section for a + 2Si and °Li + 2%®Pb. . . . . . . . 80
Reaction cross section for 2C +12C . . . . . . . . . . . . .. 81
Reaction cross section for n + 28Pb, with NASA-Kalbach model . 82
A;j as a function of the kinetic energy of the emitted neutron . . . 85
A;j as a function of the kinetic energy of the emitted neutron, with

Kalbach systematics. . . . . . . . . . . . . ..o L. 87
['j as a function of the internal energy of the excited nucleus . . . 88
Normalized probability of emitting °Li with a given kinetic energy

Tri « o o e e e e e e e e 91
Double differential cross section for the production of °Li and “Be

from the reaction 200 MeVp +PCo. . . . . . . . . . .. . 92
Double differential cross section for the production of *He and

7Li from the reaction 1200 MeV p + 7Au . . . . . . . .. .. 93
Values of F; according to incident proton energy (MeV) . . . . . 99

Values of F; according to incident proton energy (MeV), by fragment
100

Values of F; according to the mass number of the target . . . . . 101
Values of F; according to the incident proton energy (MeV) and

mass number of the target . . . . . . . . . . ..o 0L L 102
Values of F; according to target mass number, by fragment. . . . 103
Values of F; and the F; Model for deuterium . . . . . . . . .. 107
Values of F; and the F; Model for ‘He . . . . . . . ... ... 108
Values of F; and the F; Model for He . . . . . . . . .. ... 109
Values of F; and the F; Model for SLi ..o . . 110

Values of F; and the F; Model for Be . ..o 111
Values of F; and the F; Model for deuterium, neutron-induced . . 112



ix

FIGURE 6.12 Values of F; and the F; Model for “He, neutron-induced . . . . . 113

FIGURE 6.13 2500 MeV p + "Ni — *He,”Be results with F; Model . . . . . . 115
FIGURE 6.14 200 MeV p + 1% Au — °Li, 8Li results with F;Model. . . . . .. 116
FIGURE 6.15 317 MeV n + ?Bi — d results with F; Model. . . . . . . . .. 117
FIGURE 7.1 CEMo03.03F results for 190 MeV p + "Ag — °Li’Be . . . . . . 122
FIGURE 7.2 CEMo03.03F results for 200 MeV p + Al — #°He. . . . . . . . 123
FIGURE 7.3 CEMo03.03F results for 200 MeV p + ¥Co — 89Li . . . . . . .. 124
FIGURE 7.4 CEMo03.03F results for 200 MeV p + Au — °®Li . . . . . . . . 125
FIGURE 7.5 CEMo03.03F results for 200 MeV p + 7Au — °Li,’Be . . . . . . 126
FIGURE 7.6 CEMo03.03F results for 480 MeV p + "#Ag — 7Li/Be . . . . . . 127
FIGURE 7.7 CEMo03.03F results for 480 MeV p + "Ag — ©Li . . . . . . . . 128
FIGURE 7.8 CEMo03.03F results for 500 MeV p +®Ni —p . . . . . . . .. 129
FIGURE 7.9 CEMo03.03F results for 660 MeV p + ®Ni — 4He . . . . . . . . 130
FIGURE 7.10 CEMo03.03F results for 1200 MeV p + "™Ni — p,fLi . . . . . . . 131
F1GURE 7.11 CEMo03.03F results for 1200 MeV p + "Ni — “Li. . . . . . .. 132
FIGURE 7.12 CEMo03.03F results for 1200 MeV p + 'Au — °Li,’Be . . . . . . 133
F1GURE 7.13 CEMo03.03F results for 1200 MeV p + 17Au —°He . . . . . . . 134
FIGURE 7.14 CEMo03.03F results for 2500 MeV p + ™Ni — t,/Be . . . . . . . 135
FI1GURE 7.15 CEMo03.03F results for 2500 MeV p + ™ Ni — “Li. . . . . . . . 136
FIGURE 7.16 CEMo03.03F results for 2500 MeV p + %7Au — 7Li,"Be. . . . . . 137
FI1GURE 7.17 CEMo03.03F results for 2500 MeV p + 1Au — 8Li. . . . . . . . 138
FIGURE 7.18 CEMo03.03F results for g6 MeV n + U — p*He . . . . . . . . 140
FIGURE 7.19 CEMo03.03F results for 317 MeVn +2¥Bi — d,t. . . . . . . . . 141
FIGURE 7.20 CEMo3.03F results for 542 MeV n + "Cu — t°Li. . . . . . . . 142
FIGURE 7.21 CEMo03.03F results for 562.5 MeV n + "Cu — 7+ . . . . . . . 143
FIGURE 7.22 CEMo3.03F results for 300 MeV v + ™Cu —p. . . . . . . .. 144
FIGURE 7.23 CEMo3.03F results for 1500 MeV 77+ + "Fe —mn . . . . . . . . 145
FIGURE 7.24 CEMOo3.03F results for 500 MeV 7~ + ®Cu — 7% . . . . . . .. 146
FI1GURE 7.25 CEMo03.03F results for 800 MeV p + 7 Au, product yields . . . . 148
FIGURE 7.26 CEMo03.03F results for 1 GeV p + *°Fe, product yields . . . . . . 149
FIGURE 7.27 CEMOo3.03F results for 1000 MeV p + "U, product yields . . . . 150
F1GURE 7.28 CEMo3.03F results for n + Bi fission cross sections . . . . . . . 151

FIGURE 8.1 200 MeV p + Al — °Li table of spectra from MCNP6 using

GENXS . . . . .o 158
FIGURE 8.2 200 MeV p + %’ Al — 3He, °Li angle-integrated spectra from MCNP6

159
FIGURE 8.3 200 MeV p + %Al — °Li spectra from MCNP6 . . . . . . . . . 160
FI1GURE 8.4 Example of MCTAL production cross section plot for 1B . . . . 161

FIGURE 8.5 200MeV p + 2’ Al — 3He, “Li angle-integrated spectra from various
event generatorsin MCNP6 . . . . . . . . . . . . . . . .. 162



FIGURE 8.6 600 MeV /A 2Si + " Cu — n spectra from MCNP6 using LAQGSMo3.03

16
FIGURE 8.7 MéNP6-F results for 200 MeV p + Al — 4°He . . . . . . . . 165
FIGURE 8.8 MCNP6-F results for 200 MeV p + 17Au — ®Li. . . . . . . .. 166
FIGURE 8.9 MCNP6-F results for 200 MeV p + 17Au —7Be . . . . . . . . 167
F1GURE 8.10 MCNP6-F results for 480 MeV p + "Ag — ®Li. . . . . . . . . 168
F1GURE 8.11 MCNP6-F results for 1200 MeV p + Au - pPHe . . . . . . . 169
FIGURE 8.12 MCNP6-F results for 1200 MeV p + 1%7Au — Li . . . . . . . . 170
FIGURE 8.13 MCNP6-F results for 1200 MeV p + ”Au — "Be . . . . . . . . 171
FIGURE 8.14 MCNP6-F results for 2500 MeV p + "Ni —t . . . . . . . . . 172
FIGURE 8.15 MCNP6-F results for 2500 MeV p + " Ni — "Li . . . . . . . . 173



xi

ACKNOWLEDGEMENTS

I first met Dr. Stepan Mashnik in June of 2012. I was a brand new intern at Los
Alamos National Laboratory and definitely felt a bit over my head. I also was not the
typical graduate intern. I had taken a break from my science career to stay home with
my kids, and then over a decade later went back to school to support myself and my
children. So there I was: in my mid-30s, with a houseful of children, recently back
in science, hailing from my relatively small regional school, and very thrilled—and a
little nervous—to be at LANL. Stepan was patient, kind, and an excellent teacher. I
got along well with his non-conforming personality, and he took me under his wing.
He asked about how my children were doing. And he brought me peaches and other
fruit from his own fruit trees.

In January 2014, Stepan was diagnosed with lung cancer again. He had beaten it
the first time seven years prior and lived far longer and better than the doctors had
expected. The cancer continued to spread that spring, and in the summer he began
chemotherapy. Despite all these personal challenges, Stepan has continued to be an
incredible mentor. He continues to teach me about life and about physics. He is
always available and happy to answer my questions.

I cannot think of a better mentor for me than Stepan Mashnik. He probably does
not realize how much I have appreciated his tutelage, as he is not a man of many
words and doesn’t like mushiness. But he has taught me what is important in life,
he has made me feel welcome at LANL, and he has made me a better physicist and
scientist.

I first met Dr. Akira Tokuhiro the end of 2010 when I was eight months pregnant
with my fifth child, recently divorced, recently having “come out” as lesbian in
my predominantly conservative community, having completed my previous science
degree (a BS in Physics) over 12 years earlier, and inquiring about the Ph.D. program
in Nuclear Engineering at the University of Idaho. Even though I was smart and deter-
mined, I knew there was significant probability I would not be taken seriously. Akira,

however, as a self-avowed feminist, never batted an eye at my personal difficulties.



xii

Akira believed in me and supported me. He did not give me a free pass, but he
gave me a chance to prove myself. He suggested I enroll in Advanced Nuclear Reactor
Engineering (the introductory course would bore me, he said). My youngest child was
born the first week of the class. I was over my head in both the engineering principles
(I had never had an engineering course before) and the plethora of acronyms that is
nuclear engineering. Engineers apparently like acronyms. Nevertheless, I did well in
the class. And I was admitted into the Ph.D. program.

Throughout my tenure as a student, Akira has “taught me the ropes” about
government contracts, graduate school bureaucracy, industry practice, as well as
encouraging me professionally and personally. I owe several of my honors and awards
to his recommendation as well, because had he not been watching for new awards for
me to apply for I would have missed the opportunities.

I first met Dr. Forrest Brown the fall of 2011 at an MCNP week-long training
course, the first semester of my full-time graduate study at the University of Idaho.
As a single mom, I saw my kids off to school in the morning, and then commuted,
and so was consistently late for class. I also repeatedly fell asleep during class, despite
Forrest being known—for good reason—as a great lecturer (infants are very tiring;
sorry Forrest). He was not offended by any of this, and at the end of the week when I
talked with him about my interest in quantum physics, he offered me an internship at
LANL the next summer. This opened the door to what would become my dissertation
research and was also a tremendous boost to my career.

Forrest played another role in my professional and personal development as well.
I am a stutterer. With friends and family it is not very noticeable, but with public
speaking it was unpredictable. During my preliminary exam and proposal, I stuttered
badly. I felt deeply humiliated. It is difficult to explain to people the frustration and
embarrassment of feeling like you cannot speak, especially when everyone is looking
at and waiting for you. I talked with Forrest later about my “poor performance”
during my proposal, and he immediately disagreed with my assessment and said
that I had done well.

Furthermore, several months later, after my presentation at the 2014 ANS Annual

Meeting, I met with Forrest. He told me that he knew I had a speech impediment, and



xiii

that I had done well in my presentation and my impediment did not interfere with
my ability to communicate. I don’t recall ever feeling both such acknowledgement of
my stutter and at the same time such acceptance. It had a tremendous impact on me.
I have recently begun speech therapy. But whether or not I stutter, the messages of
acceptance I received from Forrest (and others) play a significant role in my ability to
speak without fear or shame.

These three men have had a profound impact on me professionally and personally,
but of course, there are many others who have shaped my journey. Dr. Ruprecht
Machleidt has been my “nuclear physics” professor. From him I learned particle
physics, and graduate quantum physics. He was an excellent teacher, and I loved
how he never used PowerPoint slides. I, myself, also feel much more at home
teaching at a chalkboard. Dr. Francesca Sammarruca, another nuclear physicist,
has been available to answer my questions and supports my progress as a female
scientist. Dr. Tim Goorley, the XCP-3 group leader when I first came to LANL,
supported my development as a scientist and funded this research and my schooling.
Dr. Avneet Sood, current XCP-3 group leader, and Drs. Larry Cox and Chris Werner,
past and present Eolus Project Leaders, respectively, have continued to support me
professionally and have continued collaboration and financial support of this research.
I have also felt tremendous support and understanding from these leaders for my
situation, both in living remotely and being a single parent. I thank them for their
support. I have, furthermore, learned much from Drs. Arnold Sierk and Konstantin
Gudima, renowned experts in the field of spallation reactions. In addition, Drs. Jeff
Bull and Mike James provided invaluable support when I began modifying MCNP6.
There are many other colleagues and mentors at LANL who have made my work more
enjoyable, as it is invigorating to work in a place with so many brilliant, dedicated,
and kind people.

I would like to thank my children: Alison, Emily, Rachel, Philip, and Daniel. They
are my #1 fans, always cheering me on and always believing in me. I am also their
#1 fan, always cheering them on and believing in them. They bring depth, color, and
brilliance to my life and it is a privilege to be their mother and help them and watch

them grow and develop.



Xiv

I would also like to thank the staff and faculty at the University of Idaho. I will
mention only two by name. Alice Allen has been indispensable as a guide through
the bureaucracy of Ph.D. requirements, as well as being personally supportive. Sara
Moore has managed expertly the tangle of financial bureaucracy and contracts that I
have brought to the school.

I would like to end by thanking all those people and organizations who have
funded me, my schooling, and this research. The lion’s share has been paid by Los
Alamos National Laboratory, under Contract No. DE-AC52-06NA25396. A significant
portion has been provided by the American Physical Society M. Hildred Blewett
Fellowship (www.aps.org). I am deeply grateful to these two institutions, as without
their generosity this dissertation would not have been possible. I also wish to express
thanks to the University of Idaho and Dr. Bob Hiromoto, with whom I gained valuable
experience working as a research assistant my first year at Ul Finally, I wish thank the
National Organization of Gay and Lesbian Scientists and Technical Professionals for
their Motorola Out-to-Innovate Graduate Scholarship, the American Nuclear Society
for their John and Muriel Landis Scholarship, and the Roy G. Post Foundation for
their Graduate Scholarship.



DEDICATION

This dissertation is dedicated to my children:
Alison, Emily, Rachel, Philip, and Daniel.
They bring countless joys to my life.

XV



CHAPTER 1

INTRODUCTION

Below are relevant publications that result from the author’s work pertaining to this

chapter.

* LM. Kerby, S.G. Mashnik, and A.J. Sierk, Preliminary Results of Investigating
Precompound Emission of Light Fragments in Spallation Reactions, Summer

2012, LANL Report, LA-UR-12-24190 (August 2012);

* L.M. Kerby, S.G. Mashnik, and A.J. Sierk, Comparison of Expanded Preequi-
librium CEM Model with CEMo3.03 and Experimental Data, FY2013, LANL
Report, LA-UR-13-21828 (November 2013);

¢ L.M. Kerby and S.G. Mashnik, Fiscal Year 2014 Report, LANL Report, LA-UR-
14-27533 (November 2014);

¢ 5.G. Mashnik and L.M. Kerby, MCNP6 Fragmentation of Light Nuclei at Inter-
mediate Energies, Nuclear Instruments and Methods in Physics Research A 764

(2014) 59; arXiv:1404.7820.

Emission of light fragments (LF) from nuclear reactions is an open question. Dif-
ferent reaction mechanisms contribute to their production; the relative roles of each,
and how they change with incident energy, mass number of the target, and the type
and emission energy of the fragments is not completely understood.

None of the available models are able to accurately predict emission of LF from
arbitrary reactions. However, the ability to describe production of LF (especially at
energies 2 30 MeV) from many reactions is important for different applications, such
as cosmic-ray-induced Single Event Upsets (SEUs), radiation protection, and cancer
therapy with proton and heavy-ion beams, to name just a few. The Cascade-Exciton
Model (CEM) version 03.03 [1, 2] and the Los Alamos version of the Quark-Gluon
String Model (LAQGSM) version 03.03 [2, 3] event generators in Monte Carlo N-
Particle Transport Code version 6 (MCNP6) [4] describe quite well the spectra of



fragments with sizes up to “He across a broad range of target masses and incident
energies (up to ~ 5 GeV for CEM and up to ~ 1 TeV /A for LAQGSM). However, they
do not predict the high-energy tails of LF spectra heavier than “He well. Most LF
with energies above several tens of MeV are emitted during the precompound stage
of a reaction. The current versions of the CEM and LAQGSM event generators do not
account for precompound emission of LF larger than “He.

The aim of our work is to extend the precompound model in them to include such
processes, leading to an increase of predictive power of LF-production in MCNP6.
This entails upgrading the Modified Exciton Model currently used at the preequilib-
rium stage in CEM and LAQGSM. It also includes expansion and examination of the
coalescence and Fermi break-up models used in the precompound stages of spallation
reactions within CEM and LAQGSM. Extending our models to include emission of
fragments heavier than “He at the precompound stage has indeed provided results

that have much better agreement with experimental data.

1.1 WHY THIS RESEARCH IS NEEDED

In October 2008 an Airbus plane was struck by a cosmic ray en route from Perth
to Singapore, one of its inertial reference computer units failed, and it sharply lost
altitude [5]. It did land safely, but as seen in Figure 1.1, it caused significant injury to

both the occupants and the plane.

F1GURE 1.1: Photographs of the damaged Airbus after the SEU [5].



These SEUs are not rare, and can wreak significant havoc. For example, in a typical
14-day space mission the shuttles” 5 computers typically receive 400-500 SEUs [6]. In
addition, even though the plane accident was serious, much more serious incidents
can occur: during the Cold War, U. S. satellites hit by a cosmic rays malfunctioned and
caused false alarms of nuclear attacks [7]. Understanding how high-energy fragments
interact with matter is critical to preventing these malfunctions.

Accurate simulation of LF spectra is also important in the fields of radiation
shielding, especially for applications in space. Modern computers cannot be used
in space because the electronics are too small and delicate and cannot, at present, be
shielded well enough. An even larger problem is radiation shielding for the human
astronauts exposed to Galactic Cosmic Rays (GCRs) [6].

This research is also important to several medical fields, such as cancer treatment
with proton or heavy-ion beams. Proton and heavy-ion therapy has been shown to be
more effective than x-ray therapy, and have much fewer side effects [8].

Another indication of the importance of this research is the recommendation of an
international evaluation and comparison, the 2008-2010 IAEA (International Atomic
Energy Agency) Benchmark of Spallation Models, that we make this change in our
code [9, 10]. While no other spallation model can generally predict high-energy light
fragment emission from arbitrary reactions, it is an accomplishment several model
development groups are working to achieve.

Furthermore, MCNP6’s GENXS option at present does not produce tallies of spec-
tra for particles larger than *He. This limitation is serious for some of our interest
groups. For example, NASA recently contacted us to inquire if our codes could
produce LF spectra in the intermediate- and high-energy regimes. At present they
cannot.

Last, but not least, this research helps us understand better the mechanisms of

nuclear reactions.



1.1.1  Comparison with Experimental Data

Figure 1.2 shows the double-differential cross section of the reaction 200 MeV p +
2Al — SLi, comparing Machner et al. [11] experimental data (open symbols) and
unmodified CEMo3.03 (solid red lines).
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FIGURE 1.2: Comparison of CEMo3.03 (solid red lines) and experimental data by
Machner et al. [11] (open symbols).

The vertical axis presents the double differential cross sections. The horizontal axis
shows the kinetic energy of the emitted particles (°Li in this case) in MeV. The different
data bands represent °Li detected (or simulated) at different angles, and are separated
out by multiplying each band by a different factor of 10. As can be seen, the current
version of CEM does not predict the high-energy tails of ®Li well. This is true across
other reaction energies and target mass numbers for all fragments heavier than *He,
for higher energies. At lower energies (S 25 MeV) CEM matches well, but as we enter
intermediate energies (2 25 MeV) CEM falls off sharply. This is because the peak
which occurs at lower energy is a result of the evaporation stage, which does consider
emission of LF (up to 2®Mg) [12]. At higher energies (= 25 MeV), the fragment spectra
is largely produced by the Modified Exciton Model (MEM) within the preequilibrium

stage, with a secondary, but significant, contribution from the coalescence model, also



a precompound stage. Neither the MEM nor the coalescence model presently consider

emission of light fragments heavier than 1He.

1.2 CEM AND LAQGSM PHYSICS

Details, examples of results, and useful references to different versions of CEM and
LAQGSM may be found in a recent lecture [2].

The Cascade-Exciton Model (CEM) of nuclear reactions was proposed more than
30 years ago at the Laboratory of Theoretical Physics, JINR, Dubna, USSR by Gudima,
Mashnik, and Toneev [1]. It is based on the standard (non time-dependent) Dubna
IntraNuclear Cascade (INC) [13, 14] and the Modified Exciton Model (MEM) [15, 16].
The code LAQGSMo3.03 is the latest modification [17] of LAQGSM [3], which in its
turn is an improvement of the Quark-Gluon String Model (QGSM) [18]. It describes
reactions induced by both particles and nuclei at incident energies up to about 1
TeV /nucleon.

The basic version of both the CEM and LAQGSM event generators is the so-called
“03.03” version, namely CEMo3.03 [19, 2, 20] and LAQGSMo3.03 [2, 17, 21]. The CEM
code calculates nuclear reactions induced by nucleons, pions, and photons. It assumes
that the reactions occur generally in three stages (see Fig. 1.3). The first stage is the
INC, in which primary particles can be re-scattered and produce secondary particles
several times prior to absorption by, or escape from, the nucleus. When the cascade
stage of a reaction is completed, CEM uses the coalescence model to “create” high-
energy d, t, *He, and *He by final-state interactions among emitted cascade nucleons
outside of the target. The emission of the cascade particles determines the particle-
hole configuration, Z, A, and the excitation energy that is the starting point for the
second, preequilibrium stage of the reaction. The subsequent relaxation of the nuclear
excitation is treated in terms of an improved version of the modified exciton model of
preequilibrium decay followed by the equilibrium evaporation/fission stage.

Generally, all three components may contribute to experimentally measured par-
ticle spectra and other distributions. But if the residual nuclei after the INC have

atomic numbers with A < Ag,,,,; = 12, CEM uses the Fermi breakup model to calcu-
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FiIGUurRe 1.3: Flow chart of nuclear-reaction calculations by CEMo3.03 and
LAQGSMo3.03.

late 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. LAQGSM
also describes nuclear reactions, generally, as a three-stage process: INC, followed by
preequilibrium emission of particles during the equilibration of the excited residual
nuclei formed after the INC, followed by evaporation of particles from or fission of
the compound nuclei. LAQGSM was developed with a primary focus on describing
reactions induced by nuclei, as well as induced by most elementary particles, at high
energies, up to about 1 TeV/nucleon. The INC of LAQGSM is completely different
from the one in CEM. LAQGSM also considers Fermi breakup of nuclei with A <12
produced after the cascade, and the coalescence model to “produce” high-energy d, t,
3He, and *He from nucleons emitted during the INC.

Many people participated in the CEM and LAQGSM code development over their
more than 4o-year history. Contributors to their “03.03” versions are S. G. Mashnik,
K. K. Gudima, A. J. Sierk, R. E. Prael, M. I. Baznat, and N. V. Mokhov. The author of
this dissertation (L.M.K.) has joined these efforts recently to extend the precompound



models of CEM and LAQGSM by accounting for possible emission of light fragments
(LF) heavier than *He, up to 2Mg.

1.2.1  The Intranuclear Cascade Mechanism

The INC approach is based on the ideas of Heisenberg and Serber, who regarded
intranuclear cascades as a series of successive quasi-free collisions of the fast primary
particle with the individual nucleons of the nucleus. Basic assumptions of and con-
ditions for INC applicability may be found in [2]. Comprehensive details and useful

references are published in [13, 14].

1.2.2 The INC of CEMo3.03

The intranuclear cascade model in CEMo3.03 is based on the standard (non-time-
dependent) version of the Dubna cascade model [13, 14]. All the cascade calculations
are carried out in a three-dimensional geometry. The nuclear matter density p(r) is
described by a Fermi distribution with two parameters taken from the analysis of
electron-nucleus scattering. For simplicity, the target nucleus is divided by concentric
spheres into seven zones in which the nuclear density is considered to be constant.
The energy spectrum of the target nucleons is estimated in the perfect Fermi-gas
approximation. The influence of intranuclear nucleons on the incoming projectile is
taken into account by adding to its laboratory kinetic energy an effective real potential,
as well as by considering the Pauli principle which forbids a number of intranuclear
collisions and effectively increases the mean free path of cascade particles inside the
target. The interaction of the incident particle with the nucleus is approximated as a
series of successive quasi-free collisions of the fast cascade particles (N, 7, or ) with
intranuclear nucleons.

The integral cross sections for the free NN, N, and yN interactions are ap-
proximated in the Dubna INC model [13, 14] using a special algorithm of interpo-
lation/extrapolation through a number of picked points, mapping as well as possible
the experimental data. This was done very accurately by Prof. Barashenkov’s group

using all experimental data available at that time, more than 45 years ago [22]. Cur-



rently the experimental data on cross sections is much more complete than at that
time; therefore the approximations of all the integral elementary cross sections used
in CEM have recently been revised.

The kinematics of two-body elementary interactions and absorption of photons
and pions by a pair of nucleons is completely defined by a given direction of emission
of one of the secondary particles. The cosine of the angle of emission of secondary
particles in the c.m. system is calculated by the Dubna INC with approximations
based on available experimental data. For elementary interactions with more than
two particles in the final state, the Dubna INC uses the statistical model to simulate
the angles and energies of products (see details in [13]).

For the improved version of the INC in CEMo3.03, we use currently available
experimental data and recently published systematics proposed by other authors and
have developed new approximations for angular and energy distributions of particles
produced in nucleon-nucleon and photon-proton interactions. In addition, newer
versions of CEM incorporate a possibility to normalize the final results to systematics
based on available experimental reaction cross sections. The condition for the transi-
tion from the INC stage of a reaction to preequilibrium was changed for CEMo3.03;
on the whole, the INC stage in CEMo3.03 is longer while the preequilibrium stage
is shorter in comparison with previous versions. Real binding energies have been
incorporated for nucleons in the cascade instead of the approximation of a constant
separation energy of 7 MeV used in the initial versions of the CEM and momentum-
energy conservation us imposed for each simulated event (conservation was only “on
the average” in earlier versions). Details, examples of results, and references to this

portion of the work may be found in [2].

1.2.3 The INC of LAQGSMo3.03

The INC of LAQGSMo3.03 is described with a recently improved version [17, 21,
23] of the time-dependent intranuclear cascade model developed initially at JINR in
Dubna, often referred to in the literature as the Dubna intranuclear Cascade Model,
DCM (see [24] and references therein). The DCM models interactions of fast cascade

particles (“participants”) with nucleon spectators of both the target and projectile



nuclei and includes as well interactions of two participants (cascade particles). It uses
experimental cross sections at energies below 4.5 GeV /nucleon, and those calculated
by the Quark-Gluon String Model [18, 25] at higher energies to simulate angular
and energy distributions of cascade particles, and also considers the Pauli Exclusion
Principle.

In contrast to the CEM version of the INC described above, DCM uses a continuous
nuclear density distribution; therefore, it does not need to consider refraction and
reflection of cascade particles inside or on the border of a nucleus. It also keeps track
of the time of an intranuclear collision and of the depletion of the nuclear density
during the development of the cascade (the so-called “trawling effect”) and takes into
account the hadron formation time.

All the new approximations developed recently for the INC of CEM to describe
total cross sections and elementary energy and angular distributions of secondary
particles from hadron-hadron interactions were previously incorporated also into the
INC of LAQGSM [21]. In addition, a new high-energy photonuclear reaction model
based on the event generators for vp and n reactions from the Moscow INC [26]
(kindly provided to us by Dr. Igor Pshenichnov) and on the latest photonuclear
version of CEM [27] was developed and incorporated into the INC of LAQGSM;
this allows the user to calculate reactions induced by photons with energies of up
to tens of GeV. In the latest version of LAQGSM [17], the INC was modified for a
better description of nuclear reactions at very high energies (above 20 GeV /nucleon).

Details, examples of results, and references to this portion of work may be found in

[2].

1.2.4 The Coalescence Model

When the cascade stage of a reaction is completed, CEM and LAQGSM use the
coalescence model described in Ref. [24] to “create” high-energy d, t, *He, and “He by
tinal-state interactions among emitted cascade nucleons outside of the target nucleus.
In contrast to most other coalescence models for heavy-ion-induced reactions, where
complex-particle spectra are estimated simply by convolving the measured or calcu-

lated inclusive spectra of nucleons with corresponding fitted coefficients, CEMo3.03
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and LAQGSMo3.03 use in their simulations of particle coalescence real information
about all emitted cascade nucleons and do not use integrated spectra. We assume
that all the cascade nucleons having differences in their momenta smaller than p. and
the correct isotopic content form an appropriate composite particle. The coalescence
parameters p. were fit for each composite particle in Ref. [24] to describe available
data for the reaction Ne+U at 1.04 GeV/nucleon, but the fitted values turned out to
be quite universal and were subsequently found to describe high-energy complex-
particle production satisfactorily for a variety of reactions induced both by particles
and nuclei at incident energies up to about 200 GeV /nucleon, when describing nuclear
reactions with different versions of LAQGSM [2] or with its predecessor, the Quark-
Gluon String Model (QGSM) [18]. These parameters are:

pc(d) = 90MeV/c;
pc(t) = p.(PHe) =108 MeV/c; (1.1)
pc(*He) = 115MeV/c.

As the INC of CEM is different from those of LAQGSM or QGSM, it is natural
to expect different best values for p. as well. Recent studies show that the values of
parameters p. defined by Eq. (1) are also good for CEM for projectile particles with
kinetic energies Tp lower than 300 MeV and equal to or above 1 GeV. For incident
energies in the interval 300 MeV < Ty < 1 GeV, a better overall agreement with the
available experimental data is obtained by using values of p. equal to 150, 175, and 175
MeV/c ford, t (3He), and *He, respectively. These values of p, are fixed as defaults in
CEMo3.03. If several cascade nucleons are chosen to coalesce into composite particles,
they are removed from the distributions of nucleons and do not contribute further to

such nucleon characteristics as spectra, multiplicities, efc.

1.2.5 Preequilibrium Reactions

The subsequent preequilibrium interaction stage of nuclear reactions is considered by
the current CEM and LAQGSM in the framework of the latest version of the Modified
Exciton Model (MEM) [15, 16] as described in Ref. [20]. At the preequilibrium stage of
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a reaction, we take into account all possible nuclear transitions changing the number
of excitons n with A, = +2, —2, and 0, as well as all possible multiple subsequent
emissions of n, p, d, t, >He, and *He. The corresponding system of master equations
describing the behavior of a nucleus at the preequilibrium stage is solved by the
Monte-Carlo technique [1].

CEM considers the possibility of fast d, t, >He, and *He emission at the pree-
quilibrium stage of a reaction in addition to the emission of nucleons. We assume
that in the course of a reaction p; excited nucleons (excitons) are able to condense
with probability v; forming a complex particle which can be emitted during the
preequilibrium state. The “condensation” probability ; is estimated as the overlap
integral of the wave function of independent nucleons with that of the complex

particle (see details in [1]):

v = p(Vi/ V)P = pi(pi/ AT (1.2)

This is a rather crude estimate. As is frequently done, the values 1; are taken from
titting the theoretical preequilibrium spectra to the experimental ones. In CEM, to
improve the description of preequilibrium complex-particle emission, we estimate 7y;
by multiplying the estimate provided by Eq. (2) by an empirical coefficient F;(A, Z, To)
whose values are fitted to available nucleon-induced experimental complex-particle
spectra.

CEM and LAQGSM predict forward-peaked (in the laboratory system) angular
distributions for preequilibrium particles. For instance, CEM assumes that a nuclear
state with a given excitation energy E* should be specified not only by the exciton
number n but also by the momentum direction ). This calculation scheme is eas-
ily realized by the Monte-Carlo technique [1]. It provides a good description of
double differential spectra of preequilibrium nucleons and a not-so-good but still
satisfactory description of complex-particle spectra from different types of nuclear
reactions at incident energies from tens of MeV to several GeV. For incident energies
below about 200 MeV, Kalbach [28] has developed a phenomenological systematics for

preequilibrium-particle angular distributions by fitting available measured spectra of
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nucleons and complex particles. As the Kalbach systematics are based on measured
spectra, they describe very well the double-differential spectra of preequilibrium par-
ticles and generally provide a better agreement of calculated preequilibrium complex-
particle spectra with data than does the CEM approach [1]. This is why the Kalbach
systematics [28] were incorporated into CEMo3.03 and LAQGSMo3.03 to describe an-
gular distributions of both preequilibrium nucleons and complex particles at incident
energies up to 210 MeV. At higher energies, the CEM approach [1] is used.

The standard version of the CEM [1] provides an overestimation of preequilibrium
particle emission from different reactions that have been analyzed (see more details in
[29]). One way to solve this problem, suggested in Ref. [29], is to change the criterion
for the transition from the cascade stage to the preequilibrium one. Another easy way,
suggested in Ref. [29], to shorten the preequilibrium stage of a reaction is to arbitrarily
allow only transitions that increase the number of excitons, An = 42, i.e., only allow
the evolution of a nucleus toward the compound nucleus. In this case, the time of
the equilibration will be shorter and fewer preequilibrium particles will be emitted,
leaving more excitation energy for the evaporation. This approach was used in the
CEM2k [29] version of the CEM and it allowed much better descriptions of the p+A
reactions measured at GSI in inverse kinematics at energies around 1 GeV/nucleon.
Nevertheless, the “never-come-back” approach seems unphysical; therefore it is no
longer used. The problem of emitting fewer preequilibrium particles in the CEM is
addressed by following Veselsky [30]. We assume that the ratio of the number of
quasi-particles (excitons) n at each preequilibrium reaction stage to the number of
excitons in the equilibrium configuration #n,,, corresponding to the same excitation
energy, to be a crucial parameter for determining the probability of preequilibrium

emission Py, (see details in [2, 20, 30]).

1.2.6 Evaporation

CEM and LAQGSM use an extension of the Generalized Evaporation Model (GEM)
code GEM2 by Furihata [31] after the preequilibrium stage of reactions to describe

evaporation of nucleons, complex particles, and light fragments heavier than *He (up
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to 28Mg) from excited compound nuclei and to describe fission, if the compound
nuclei are heavy enough to fission (Z > 65).

When including evaporation of up to 66 types of particles in GEM2, running
times increase significantly compared to the case when evaporating only 6 types
of particles, up to *He. The major particles emitted from an excited nucleus are n,
p,d t 3He, and “He. For most cases, the total emission probability of particles
heavier than « is negligible compared to those for the emission of light ejectiles. A
detailed investigation of different reactions 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 evaporation of only 6 types of particles in GEM2
and save much time, getting results very close to the ones calculated with the more
time consuming “66” option. In the current code versions, the number of types of
evaporated particles may be selected in advance. A detailed description of GEM2, as

incorporated into CEM and LAQGSM, may be found in [2, 20].

1.2.7 Fission

The fission model used in GEM2 is based on Atchison’s model [32], often referred
in the literature as the Rutherford Appleton Laboratory (RAL) fission model, which
is where Atchison developed it. The mass-, charge-, and kinetic energy-distribution
of fission fragments are simulated by RAL using approximations based on available
experimental data (see details in [2, 20, 31, 32]). For CEMo03.03 and LAQGSMo3.03,
GEM2 was modified slightly [33]. We will not discuss further the fission model;

interested readers may find details and further references in [2, 20, 33, 34].

1.2.8 The Fermi Breakup Model

After calculating the coalescence stage of a reaction, CEM and LAQGSM move to
the description of the last slower stages of the interaction, namely to preequilibrium
decay and evaporation, with a possible competition of fission. But at any stage, if
the residual nuclei have atomic numbers with A < Ag,,,,,i = 12, CEM and LAQGSM

use the Fermi breakup model [35] to calculate their further disintegration instead of
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using the preequilibrium and evaporation models. All formulas and details of the
algorithms used in the version of the Fermi breakup model developed in the group of
the Late Prof. Barashenkov at JINR, Dubna, may be found in [36]; this model is used
in CEMo3.03 and LAQGSMo3.03, with several recent improvements and corrections,
as described in Ref. [2].

The original version of the model contained a few features which very occasion-
ally could lead to unphysical fragments; these could cause problems in a transport
model. All these issues have been dealt with in the current version, which no longer

encounters such problems (see details in Ref. [2]).

1.2.9 Comments on the Emission of Energetic LF

The goal of this research is to enable MCNP6 to produce high-energy light fragments.
Energetic light fragments can only be emitted through precompound processes, be-
cause by the time the reaction reaches compound stage processes (evaporation and
fission), there is not enough energy left in the system to emit a high-energy light frag-

ment. Therefore, energetic light fragments may be emitted through three processes:
¢ Fermi breakup
¢ Coalescence
* Preequilibrium

This research explores the emission of light fragments through each of these channels.

1.3 EMISSION OF HIGH-ENERGY LF IN OTHER MODELS

The bulk of our research focuses on the emission of high-energy LF at the preequilib-
rium stage of nuclear reactions, as considered by our models. However, high-energy
LF can be produced at other precompound stages of reactions. Cugnon et al. have
modified their Liege IntraNuclear Cascade (INCL) code to consider emission of light
fragments heavier than “He during the cascade stage of reactions via coalescence

of several nucleons at the nuclear periphery [37]. These modifications have not yet



15

been generalized across all types of reactions. In addition, the INCL+ABLA model is
limited to relatively light incident projectiles (particles and light ions, typically, up to
oxygen) [38]. Several previous papers by the same group discuss the production of
light fragments up to A = 10 (see, e.g., [39, 40]). A recent 2013 paper by the same
authors presents satisfactory results for emission spectra of °He, °Li, Li, and “Be in
the reaction p +197 Ay — ... and discusses emission of clusters up to A =12 [41].

Emission of “Be at the preequilibrium stage (described by a hybrid exciton model
and coalescence pick-up model) was studied by A. Yu. Konobeyev and Yu. A. Korovin
more than a decade ago [42]. Additionally, preequilibrium emission of helium and
lithium ions and the necessary adjustments to the Kalbach systematics was discussed
in Ref. [43]. Preequilibrium emission of light fragments was also studied within the
CEM in 2002 [44], but that project was never completed.

Finally, energetic fragments can be produced via Fermi break-up [35] and mul-
tifragmentation processes, as described, e.g., by the Statistical Multifragmentation
Model (SMM) [45]; (see a comparison of the Fermi break-up model with SMM in the
recent paper by Souza et al. [46]).

Light fragments can also be emitted during the compound stage of reactions.
GEMz2, the evaporation model used in CEM, emits light fragments up to 28Mg [12].
In addition, light fragments can be produced via very asymmetric binary fission, as
described, e.g., by the fission-like binary decay code GEMINI by Charity et al. [47],
and also via ternary fission. For more information, see the recent Ref. [48] wherein
Y. Ronen discusses the physics of how light fragments are products seen in ternary
tission. However, neither evaporation nor fission processes can produce high-energy
fragments, of interest to our current study.

Finally, let us mention that, as a rule, the authors of most of the recent measure-
ments of LF spectra analyze their experimental data using a variety of simplified
approaches assuming emission of LF from different “moving sources” (see, e.g., [11,
49, 50, 51]). True, such simplified “moving source prescriptions” are fitted to describe
as well as possible only their own measured LF spectra, and are never developed
further to become universal models with predictive powers for spectra of LF from

arbitrary reactions. In addition, such approaches cannot describe at all many other
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characteristics of nuclear reactions, like the yields and energies of spallation products,
tission fragments productions, etc., and therefore cannot be used as event-generators
in transport codes.

Lastly, for detailed information on spallation reactions and research, see the book
Handbook of Spallation Research, by D. Filges and F. Goldenbaum [52]. A useful sum-
mary papet, by J.-C. David, on spallation models is also available in Ref. [53].
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CHAPTER 2

FErRMI BREAKUP

Below are relevant publications that result from the author’s work pertaining to this

chapter.

¢ LM. Kerby, S.G. Mashnik, and A.T. Tokuhiro, Production of Energetic Light
Fragments with Expanded Cascade Exciton Model (CEM), Transactions of the

American Nuclear Society 110 (2014) 465;

¢ 5.G. Mashnik, L.M. Kerby, K.K. Gudima, and A.]. Sierk, Extension of the CEM
and LAQGSM Models to Describe Production of Energetic Light Fragments in
Spallation Reactions, European Physical Journal Web of Conferences 66 (2014)

03059; arXiV:1306.6547;

e L.M. Kerby, S.G. Mashnik, and A.J. Sierk, Preliminary Results of Investigating
Precompound Emission of Light Fragments in Spallation Reactions, Summer

2012, LANL Report, LA-UR-12-24190 (August 2012);

¢ S.G. Mashnik and L.M. Kerby, MCNP6 Fragmentation of Light Nuclei at Inter-
mediate Energies, Nuclear Instruments and Methods in Physics Research A 764

(2014) 59; arXiv:1404.7820.

The Fermi Breakup model is used in CEM and LAQGSM for residual nuclei with
atomic number A < 12, making it particularly important in reactions with light target
nuclei. Fragmentation reactions induced by protons and light nuclei of energies
around 1 GeV/nucleon and below on light target nuclei are involved in different
applications, like cosmic-ray-induced single event upsets (SEUs), radiation protection,
and cancer therapy with proton and ion beams, among others. It is impossible
to measure all nuclear data needed for such applications; therefore, Monte Carlo
transport codes are usually used to simulate impacts associated with fragmentation
reactions. It is important that available transport codes simulate such reactions as well

as possible. For this reason, during the past several years, efforts have been done to
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investigate the validity and performance of, and to improve where possible, nuclear
reaction models simulating fragmentation of light nuclei in GEANT4 [54], SHIELD-
HIT [55, 56, 57], and PHITS [58, 59].

The Los Alamos Monte Carlo transport code MCNP6 [4] uses the latest version
of the cascade-exciton model (CEM) as incorporated in its event generator CEMo3.03
[19, 2] to simulate fragmentation of light nuclei at intermediate energies for reactions
induced by nucleons, pions, and photons, and the Los Alamos version of the quark-
gluon string model (LAQGSM) as implemented in the code LAQGSMo3.03 [2, 17] to
simulate fragmentation reactions induced by nuclei and by particles at higher energies,
up to about 1 TeV /nucleon.

In recent years, MCNP6, with its CEM and LAQGSM event generators, has been
extensively validated and verified (V&V) against a large variety of nuclear reactions
on both thin and thick targets (see, e.g. Refs. [60, 61, 62, 63] and references therein),
but was never tested specifically on fragmentation of light nuclei at intermediate
energies. To address this, we investigate the performance of MCNP6, CEM, and
LAQGSM in simulating fragmentation reactions at intermediate energies and discuss
possible ways of further improving these codes. See our recent publication in Nuclear

Instruments and Methods A for further details [64].

2.1 INVESTIGATION OF FERMI BREAKUP CUT-OFF

De-excitation of light nuclei with A < Afr,,,,; produced after the INC is described by
CEM and LAQGSM only with the Fermi break-up model, where Af,,,; is a “cut-off
value” fixed in our models. The value of Ag,,; is a model dependent parameter,
not a physics characteristic of nuclear reactions. Actually, the initial version of the
Fermi breakup model we incorporated in CEM and LAQGSM |20, 21] was used when
A < Arermi = 16, just as Apemi = 16 is used currently in GEANT4 (see [54]) and
in SHIELD-HIT (see [55, 56, 57]). But as mentioned in Section 1.2.8, that initial
version of the Fermi breakup model had some problems and crashed our codes in
some cases. To avoid unphysical results and code crashes, we chose the expedient of

using Arermi = 12 in both CEM and LAQGSM. Later, we fixed the problems in the



19

Fermi break-up model, but did not at that time change the value of A, and never
studied how its value affects the final results calculated in these codes. We address
this here, calculating spectra of emitted particles and light fragments, and yields of all
possible products from various reactions using different values for Ar,,,;. We discuss
below separately product cross sections (Section 2.2) and spectra of particles and light

fragments (Section 2.3).

2.2 FRAGMENT PRODUCTION CROSS SECTIONS

One of the most difficult tasks for any theoretical model is to predict cross sections
of arbitrary products as functions of the incident energy of the projectiles initiating
the reactions, i.e., excitation functions. Therefore, we chose to start our study with
comparing the available experimental data on excitation functions of products from
several proton-induced reactions on light nuclei at intermediate energies with predic-
tions by MCNP6 using its default event generator for such reactions, CEMo3.03, as
well as with results calculated by CEMo3.03 used as a stand-alone code.

Figs. 2.1-2.14 present examples of excitation functions for all products we found
at least several measured values for proton-induced reactions on 4N, 160, 27 A1, and
28Gi. To understand better the reasons of agreements or disagreements of calculated
values with the measured excitation functions, we present in our figures also the total
reaction cross sections, experimental and theoretical.

Figs. 2.1-2.4 show our results for the p + *N reaction. The first thing to note is
that the total reaction cross sections simulated with MCNP6 and shown in the upper-
left plot in Fig. 2.1 with small solid circles agree well with the available experimental
data (symbols) and with calculations by CEMo3.03 used as a stand-alone code (solid
line). There is a difference between the models, especially in the regions of incident
proton energies T, = 50 — 100 MeV and T, > 2 GeV. To be expected, since MCNP6
and CEMo3.03 use very similar, but slightly different approximations for the total
proton-nucleus reaction cross sections (see details and references in [4, 19]). These
little differences in the total reaction cross sections will produce, respectively, similar

differences in all excitation functions simulated with MCNP6 and CEMo3.03.
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Ficure 2.1: Total inelastic cross section and excitation functions for the production
of 10, BN, and >N from p + N calculated with CEMo3.03 using the “standard”
version of the Fermi breakup model (Af.,; = 12) and with a cut-off value of 16
for Arermi, as well as with MCNP6 using CEMo03.03 (Afpermi = 12) compared with
experimental data, as indicated. Experimental data for inelastic cross sections are
from Refs. [65, 66, 67], while the data for excitation functions are from the T16 Lib
compilation [68].

The total reaction cross sections are based on systematics (see details and refer-
ences in [4, 19]), therefore they do not depend on the value of Af.,;; we use in our
calculations. However, we performed calculations of all excitation functions shown
in Figs. 2.1—2.4 with CEMo3.03 used as a stand-alone code with its “default value”
Arermi = 12, as well as with a modification of the code using Ar,; = 16, which in
case of these p + 14N reactions, actually corresponds to Areri = 14. We cannot get
a mass number A = 16 from p + *N interactions, and even a nucleus with A = 15
would not be produced by the INC of CEMo3.03 at these intermediate energies.

First, from the results presented in Figs. 2.1-2.4, we see a very good agreement be-
tween the excitation functions simulated by MCNP6 using CEMo3.03 and calculations
by CEMo3.03 used as a stand-alone code, and a reasonable agreement with most of
available experimental data. This fact serves as a validation and verification (V&V) of
MCNP6 and shows no problems with the implementation of CEMo3.03 in MCNP6 or

with the simulations of these reactions by either code.
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F1GURE 2.2: Excitation functions for the production of Bc, 12¢, 11C, and 19C
from p + N calculated with CEMo3.03 using the “standard” version of the Fermi
breakup model (Afge,; = 12) and with a cut-off value of 16 for Ar.ni, as well as
with MCNP6 using CEMo03.03 (Apermi = 12) compared with experimental data, as
indicated. Experimental data are from the T16 Lib compilation [68].
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FIGURE 2.3: The same as in Fig. 2.2, but for the production of 11g 10 10Be and ?Be.

Second, we’d like to explicitly inform the readers that we do not worry too much

about some observed discrepancies between some calculated excitation functions and
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F1GURE 2.4: The same as in Fig. 2.2, but for the production of "Be, °Li, 8Li, and t.

measured data at low energies, below 20 MeV. As the default, MCNP6 uses data
libraries at such low energies and never uses CEMo3.03 or its other event generators, if
data libraries are available (MCNP6 has proton-induced data libraries for the reactions
studied here). By contrast, CEM uses its INC to simulate the first stage of nuclear
reactions, and the INC is not supposed to work properly at such low energies (see
details in [19, 2]).

Third, results calculated both with Ag,,,; = 12 and 16 agree reasonably well
with available data, taking into account that all calculations, at all energies and for
all reactions were done with the fixed version of our codes, without any tuning or
changing of any parameters. However, in some cases, we can observe significant
differences between excitation functions calculated with Ar,,,,; = 12 and 16.

For this particular reaction, the excitation functions for the production of 140, BN,
12N, 13C, 12C, and 1°C calculated with Af,,,;; = 16 (that for our p+ 14N reaction is
the same as Ar;i = 14, which from a physical point of view means that we use only
Fermi breakup after INC and never use preequilibrium and/or evaporation models
to calculate this reaction) agree better with available experimental data than results
obtained with Ag,,,,;; = 12. On the other hand, excitation functions for the production

of ?Be and “Be are reproduced better with Ar,,,,; = 12.



23

Figs. 2.5—2.8 present results similar to the ones shown in Figs. 2.1—2.4, but for the
reaction p + °O. Most of the experimental data for these reactions were measured on
natQ, with only a few data points obtained for °O; all our calculations were performed
for 160. For these reactions, we performed three sets of calculations, using Ar/,i = 12,
14, and 16 in CEMo3.03. The general agreement/disagreement of our results with
available measured data for oxygen is very similar to what we showed above for
p + MN, with the major difference that almost all products from oxygen are better
predicted with Ape.,;; = 14; production of 1B is described a little better with A =
16, while ?Be and “Be are reproduced better with Ar,.,,; = 12, just as for nitrogen (see

Figs. 2.3 and 2.4).
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FiGurE 2.5: Total inelastic cross section and excitation functions for the production
of 1°0, 1*0, and BN from p+ 160 calculated with CEMo3.03 using the “standard”
version of the Fermi breakup model (Ap.,;; = 12) and with cut-off values for Arp;
of 16 and 14, as well as with MCNP6 using CEMo03.03 (Afgermi = 12) compared with
experimental data, as indicated. Experimental data for inelastic cross sections are
from Refs. [65, 69, 70], while the data for excitation functions are from the T16 Lib
compilation [68].

Figs. 2.9—2.14 show results similar to those in Figs. 2.1-2.8, but for proton interac-
tions with Al and 28Si. All reactions on silicon were calculated for 28Si, while most
of the data were measured from "*'Si (see details in legends of Fig. 2.13). Aluminum

and silicon are interesting because they are used in many applications. From a
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F1GURE 2.6: Excitation functions for the production of e 11c 10C and 'B from
p + 'O calculated with CEMo3.03 using the “standard” version of the Fermi breakup
model (Agemi = 12) and with cut-off values for Apg,,; of 16 and 14, as well as
with MCNP6 using CEMo03.03 (Apermi = 12) compared with experimental data, as
indicated. Experimental data are from the T16 Lib compilation [68].
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The same as in Fig. 2.6, but for the production of 10g, 10Be, 9Be, and
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F1GURE 2.8: The same as in Fig. 2.6, but for the production of 9Li, 7Li, °Li, and t.

theoretical point of view, p + Al and 28Si reactions are challenging because Al and
Si are relatively light, with significant contributions from the Fermi breakup models
in our simulations. At the same time Al and Si have mass numbers higher than the
discussed above, allowing some significant contribution to the calculated values from
preequilibrium and evaporation processes. On the whole, the agreement of the results
with available measured data for Al and Si is very similar to what we find for N and
O.

In many cases, we get a better description of the heavy fragments when we use
Arermi = 16 or 14, and usually we predict a little better the light fragments using
Arermi = 12. For comparison, for Al and Si, we show also excitation functions for the
production of all complex particles from d to *He, as well as of secondary protons,
as we found experimental data available for them. Because the absolute values of the
yields of light fragment production is much lower compared to the yields of complex
particles, and especially of protons, the production cross sections of d, t, 3He, “He,
and especially of p calculated with different values of Ar,,; are very close to each
other. This is true also for the production of neutrons; although we do not have
experimental data for neutron production for these reactions. Generally, emission

of nucleons and complex particles are the most determinative in the calculation of
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FIGURE 2.9: Total inelastic cross section and excitation functions for the production
of BN, 1C, and 19Be, from p+ 27 Al calculated with CEMo3.03 using the “standard”
version of the Fermi breakup model (Ap.,;; = 12) and with cut-off values for Arp;
of 16 and 14, as well as with MCNP6 using CEMo03.03 (Afrermi = 12) compared with
experimental data, as indicated. Experimental data for inelastic cross sections are
from Refs. [65, 71, 72], while the data for excitation functions are from the T16 Lib
compilation [68].

spallation products (heavier residuals) from reactions on medium-mass nuclei, while
LF yields are generally low, and their calculation does not affect significantly the final
cross sections for these heavier products.

Figs. 2.15 and 2.16 show mass-number dependences of the yield of H, He, Li, Be,
B, C, N, and O isotopes produced in 600 MeV p + 160, with a comparison of our CEM
results calculated with Af,,i = 12 and 16 with measured data from Ref. [73]. There
is a relatively good agreement of both values of Ag,,,,;, which does not allow us to
choose a preferred value. The yields of HB 12B and O with Ap,,,, = 16 agree better
with the data, while that of 12N is predicted better using Ar,; = 12.

Fig. 2.17 shows an example of one more type of nuclear reaction characteristic:
Atomic-number dependence of the fragment-production cross sections from the inter-
actions of 2’Ne (600 MeV /nucleon) with H. For this reaction, besides experimental
data from Ref. [74, 75], we compare to results calculated with CEMo3.03 used as a

stand-alone code with Afp..,;; = 12 and 16, results by MCNP6 using the CEMo3.03
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FIGURE 2.10: Excitation functions for the production of "Be, ?Li, °®He, and *He
from p + 2’ Al calculated with CEMo3.03 using the “standard" version of the Fermi
breakup model (Afr.,; = 12) and with cut-off values for Ar,.,; of 16 and 14, as well
as with MCNP6 using CEMo03.03 (Afermi = 12) compared with experimental data, as
indicated. Experimental data are from the T16 Lib compilation [68].
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F1GURE 2.11: The same as in Fig. 2.10, but for the production of 3He, t, d, and p-

event generator with Ar..,; = 12, as well as results by the NASA semi-empirical
nuclear fragmentation code NUCFRG2 [76], and by a parameterization by Nilsen et
al. [77] taken from Tab. III of Ref. [75].
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FIGURE 2.12: Total inelastic cross section and excitation functions for the production
of BN, 1C, and MC, from p+ 28Gi calculated with CEMo3.03 using the “standard”
version of the Fermi breakup model (Ap.,;; = 12) and with cut-off values for Arp;
of 16 and 14, as well as with MCNP6 using CEMo03.03 (Afrermi = 12) compared with
experimental data, as indicated. Experimental data for inelastic cross sections are from

Refs. [65, 71], while the data for excitation functions are from the T16 Lib compilation
[68].

We see that all models agree quite well with the measured data, especially for LF
with Z > 4. For LF with Z > 4, it is difficult to determine from which version of
CEMo3.03 results agree better with the data: the one using Ar..;i = 12 or the one
with Agg,i = 16. Light fragments with Z = 3 and 4 are described a little better with
the Arermi = 12 version. As we discuss at the end of the next Section, preequilibrium
emission described with an extended version of the MEM (not accounted for in our
calculations shown in Fig. 18), can be important and may change the final CEM
results for this reaction; therefore we are not ready to make a final decision about
which version of the Fermi breakup model works better for this system.

All the examples in Figs. 2.1 to 2.17 are for reactions induced by protons, which
at such relatively low incident energies are simulated by default in MCNP6 with
CEMo3.03. Figs. 2.18 and 2.19 show examples of nucleus-nucleus reactions with
light nuclei, i.e., involving the Fermi breakup model, but simulated in MCNP6 with
LAQGSMo3.03. The figures compare experimental [74, 75] Z-dependences of prod-
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F1GURE 2.14: The same as in Fig. 2.13, but for the production of 3He, t, d, and p-

ucts from interactions of 2g0 MeV /nucleon #Ne and '°O with C and Al; 600 MeV /nucleon
20Ne with C and Al; and 400 MeV /nucleon 2*Mg with C and Al with LAQGSMo3.03
results using Ar.yi = 12 and 16, as well as with results of calculations using models

of Refs. [76, 77, 78], in the case of 600 MeV /nucleon ?’Ne + C and Al.
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FIGURE 2.17: Atomic-number dependence of the fragment-production cross sections
from the interactions of 2’Ne of 600 MeV /nucleon with H. Experimental data (circles)
are by Zeitlin et al. [75]. For comparison, results by the NASA semi-empirical nuclear
fragmentation code NUCFRG2 [76], and from a parameterization by Nilsen et al. [77]
taken from Tab. III of Ref. [75] are shown as well, as indicated. Our results by
CEMo3.03 using the “standard” version of the Fermi breakup model (Ag,; = 12)
and Aremi = 16, as well as MCNP6 calculations using CEMo03.03 (Afgermi = 12) are
plotted with different lines, as indicated.

The cross sections shown in Figs. 2.18 and 2.19 are only for the fragmentation of
the projectile-nuclei 14N 160, 20Ne, and 24Mg; they do not contain contributions from
the fragmentation of the C and Al target-nuclei. For all calculations using all models
general agreement to the experimental data is quite good. On the whole, for these
particular reactions, the products with Z = 3 and 4 are described a little better with
the Aremi = 12 version of LAQGSM, while heavier fragments are often predicted
better with Ag.,,i = 16.

2.3 FRAGMENT SPECTRA

This Section presents several examples of particle and LF spectra from various proton-
and nucleus-induced reactions, chosen so that although all of them are fragmentation
of light nuclei at intermediate energies, they address different reaction mechanisms
of fragment production, sometimes involving several mechanisms in the production

of the same LF in a given reaction.
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FIGURE 2.18: Atomic-number dependence of the fragment-production cross sections
from the interactions of 290 MeV /nucleon *Ne and '°O with C and Al. Experimental
data (circles) are by Zeitlin et al. [74]. Our results by LAQGS03.03 using the “standard”
version of the Fermi breakup model (Ag,,,; = 12) are shown with solid lines, and for
a cut-off value for Ar,,,;; of 16, with dashed lines, as indicated.

Figs. 2.20 to 2.22 show examples of measured particle and LF double-differential
spectra from p + ?Be at 190 and 300 MeV [79], as well as at 392 MeV [43] (symbols)
compared with our CEM results (histograms). Because 9Be has a mass number A <
Arermi = 12, all the LF from these reactions are calculated by CEM either as fragments
from the Fermi breakup of the excited nuclei remaining after the initial INC stage
of reactions, or as “residual nuclei” after emission during INC of several particles
from the Be target nucleus. No preequilibrium or/and evaporation mechanisms
are considered for these reactions by CEM. There is quite a good agreement of the
CEM predictions with the measured spectra from °Be for all products shown in this
example: protons (300 MeV p + Be), complex particles (t from 300 MeV p + Be and
3He and *He from 190 and 392 MeV p + Be), and heavier °He to ”Be.

Fig. 2.23 shows examples of similar LF spectra from a carbon nucleus, where
only INC and Fermi breakup reaction mechanisms are considered by our CEM. CEM
produces He and Li from these reaction via Fermi breakup after INC, while Be and
B are probably produced as residual nuclei after emitting several nucleons during

INC from the carbon target nucleus. The general agreement of the CEM predictions
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FIGURE 2.19: Atomic-number dependence of the fragment-production cross sections
from the interactions of 600 MeV /nucleon 2°Ne with C and Al, and 400 MeV /nucleon
24Mg with C and Al Experimental data (circles) are by Zeitlin et al. [74, 75].
For comparison, at 600 MeV/A, results by the NASA semi-empirical nuclear
fragmentation code NUCFRG2 [76] and the microscopic abrasion-ablation model
QMSERG [78], as well as from a parameterization by Nilsen et al. [77] taken from
Tabs. IIl and IV of Ref. [75] are shown with different lines, as indicated. Our results by
LAQGS03.03 using the “standard” version of the Fermi breakup model (Ag,; = 12)
are shown with solid lines, and for a cut-off value for Ar,,,,; of 16, with dashed lines,
as indicated.

with these measured LF spectra is quite good, taking into account that no fitting or
changing of any parameters in CEM was done; we used the fixed version of CEMo03.03
as implemented in MCNP6.

Fig. 2.24 shows similar examples of LF spectra, namely, double-differential spectra
at 45 degrees of Li, Be, B, and C from 14N and 'O nuclei bombarded with 70 MeV
protons. With these higher mass numbers, we performed calculations with CEMo3.03
using also Ar,;i = 14 and 16, to see how different values affect the final LF spectra.
The general agreement of our CEM results with these LF spectra is reasonably good,
but not quite as good as seen in Figs. 2.20 to 2.23. On the whole, for these particular
reactions, CEMo3.03 provides a better agreement with the measured LF spectra with
Arermi = 12.
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FIGURE 2.20: Examples of measured particle and LF double-differential spectra
from p + 9Be at 190 MeV [79], compared with our CEM results (histograms).

2.4 LIMITING FRAGMENTATION

The limiting fragmentation hypothesis, first proposed by Benecke, et al., [82], suggests

that fragmentation cross sections reach asymptotic values at sufficiently high incident-

projectile energies. That is to say, that, above a given bombarding energy, both the
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FIGURE 2.21: Examples of measured particle and LF double-differential spectra
from p + 9Be at 300 MeV [79], compared with our CEM results (histograms).

differential and total production cross sections remain constant. Figs. 2.25 and 2.26
validate the limiting fragmentation hypothesis.

Fig. 2.25 displays the double differential cross sections for the production of *He
from the reaction 1.2/1.9/2.5 GeV p + 12C. Fig. 2.26 shows the total production cross

sections by isotope, from protons to 2N, from the same reactions. We see that the
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FIGURE 2.22: Examples of measured particle and LF double-differential spectra
from p + 9Be at 392 MeV [43], compared with our CEM results (histograms).

fragmentation differential cross sections for “He are approximately constant across
the bombarding energies of 1.2, 1.9, and 2.5 GeV. Limiting fragmentation predicts
this constancy. From Fig. 2.1 of M. Fidelus” Ph.D. thesis [83], we expect that, for
the production of 7Be, limiting fragmentation will begin at ~ 200 MeV bombarding

energy, for this case of protons incident on 2C. *He is lighter than “Be, and our
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FiGuRe 2.23: Comparison of CEMo3.03 (solid lines) He, Li, Be, and B spectra from
70 MeV p + C with experimental data by Hagiwara et al. [80] (circles) for a natural
carbon target. Our calculations were performed for 12C.
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F1GURE 2.24: Comparison of Li, Be, B, and C spectra at 45 degrees from 70 MeV
p + N and %O measured by Sanami et al. [81] (symbols) with calculations by
CEMo3.03 using the “standard” version of the Fermi breakup model (Arepi = 12;
solid histograms) and with cut-off values for Ag,,,,; of 16 (dashed histograms) and 14
(long-dashed histograms), as indicated.
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40

bombarding energies are all well above 200 MeV, therefore we expect constancy in
differential and total production cross sections. Fig. 2.26 demonstrates constancy of
total production cross sections. We see small differences in total production cross
sections of the heavier clusters (i.e., 19%11C), which is also in agreement with the
limiting fragmentation hypothesis, as heavier emitted fragments would have a higher

bombarding energy at which limiting fragmentation occurs.

2.5 CONCLUSION

Various fragmentation reactions induced by protons and light nuclei of energies around
1 GeV/nucleon and below on light target nuclei are studied with the latest Los
Alamos Monte Carlo transport code MCNP6 and with its cascade-exciton model
(CEM) and Los Alamos version of the quark-gluon string model (LAQGSM) event
generators, version 03.03, used as stand-alone codes. On the whole, MCNP6 and
its CEM and LAQGSM event generators describe quite well all the reactions we
tested here, providing good enough agreement with available experimental data.
This is especially important for calculations of cross sections of arbitrary products
as functions of incident projectile energies, i.e., excitation functions, one of the most
difficult tasks for any nuclear reaction model. Our current results show a good
prediction by MCNP6 and CEMo3.03, used as a stand-alone code, of a large variety of
excitation functions for products from proton-induced reactions on N, O, Al, and Si.
An older version of CEM, CEMgs5, was able to predict reasonably well most excitation
functions for medium and heavy nuclei-targets, but had big problems in calculating
some excitation functions for light nuclei [84].

CEM and LAQGSM assume that intermediate-energy fragmentation reactions on
light nuclei occur generally in two stages. The first stage is the intranuclear cascade
(INC), followed by the second, Fermi breakup disintegration of light excited residual
nuclei produced after INC. Both CEM and LAQGSM also account for coalescence of
light fragments (complex particles) up to He from energetic nucleons emitted during
INC.
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We investigate the validity and performance of MCNP6, CEM, and LAQGSM
in simulating fragmentation reactions at intermediate energies. We find that while
the fixed “default” versions of CEMo3.03 and LAQGSMo3.03 in MCNP6 provide
reasonably good predictions for all reactions tested here, a fine-tuning of the Ar,.;
parameter in the Fermi breakup model (and of momentum cut-off parameters in
the coalescence model; see next Chapter) may provide a better description of some
experimental data.

At the end of this Chapter, let us mention that an independent testing of the
Fermi Breakup model used by CEMo3.03 and LAQGSMo3.03 was performed recently
by Konobeyev and Fischer [85] for the Fall 2014 Nuclear Data Week. The authors of
Ref. [85] have calculated with MCNP6 using its Bertini [86], ISABEL [87], INCL+ABLA
[88, 89], and CEMo3.03 event generators [19], as well as with the known TALYS
code [90], all the discussed above experimental spectra of *He and *He measured in
Ref. [79] from the reaction 190 MeV p + 9Be; all spectra of p, d, t, 3He, and *He from
the reaction of 300 MeV p + °Be [79], as well as all neutron spectra from interactions
of 113 MeV protons with ?Be [91] and from 256 MeV p + ®Be [92]. As is often done
in the literature, to get quantitative estimations of the agreement/disagreement of
the calculated-by-different-models spectra with the measured ones, the authors of
Ref. [85] performed a detailed statistical analysis using nine different “Deviation
Factors,” namely, H, RCE REC <« F >, S, L, Py, Pioo, and Ny. The definition of
each is shown in Fig. 2.27, taken from Ref. [85].

As can be seen from Fig. 2.28, adopted from Ref. [85], the results by CEMo3.03
for these particular reactions agree better with the experimental data than all other
models tested in Ref. [85]. As ?Be has a mass number of only 9, all these reactions are
calculated by CEMo3.03 using only the INC followed by the Fermi Breakup model.
The best results provided by CEMo3.03 in comparison with other models prove that
the Fermi Breakup model used by CEMo3.03 (and by LAQGSMo3.03) in MCNP6 is
reliable and can be used with confidence as a good predictive tool for various nuclear

applications.
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al. [85].
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All combinations X7/ x>

Factor | Bertini ISABEL INCL4 CEM TALYS
H 47. 49, 55. 40. 86.
RCE 0.72 0.83 1.28 0.84 2.01
REC 74, 81. 30. 43. 45,

<F> 5.7 5.9 4.3 3.3 7.9
L 0.59 0.58 0.57 0.51 0.82
5 3.1 3.3 2.1 2.1 13.0
P 0.57 0.56 0.67 0.69 0.37
Pioo 0.89 0.88 0.92 0.94 0.83
N 1216 1184 1251 1246 1254

CEM: best results

NEA Nuclear data week. 22
November 24-28, 2014

T

itute of Technology

0.01 < x@ / x*® < 100

Factor | Bertini ISABEL INCL4 CEM TALYS
H 47. 49, 55. 40. 85.
RCE 0.75 0.86 1.3 0.85 2.1
REC 4.2 4.2 2.9 3.1 4.7
<F> 3.5 3.5 2.8 2.7 4.6
L 0.59 0.58 0.57 0.51 0.79
5 2.8 2.8 1.9 2.0 6.5
Py 0.59 0.58 0.68 0.69 0.40
Pioo 0.92 0.91 0.95 0.95 0.88
N 1173 1141 1217 1234 1177

CEM: best results

NEA Nuclear data week. 23
November 24-28, 2014

F1GURE 2.28: Results of the nine different “Deviation Factors” for the Bertini,
ISABEL, INCL+ABLA, CEMo3.03, and TALYS models, as reported by Konobeyev, et
al. [85], for all combinations of xf“lc/ xfo (top) and for 0.01 < xf“lc / xfo < 100; CEM
had the best results.
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CHAPTER 3

COALESCENCE

Below are relevant publications that result from the author’s work pertaining to this

chapter.

* L.M. Kerby and S.G. Mashnik, Production of Heavy Clusters with an Expanded

Coalescence Model in CEM, Transactions of the American Nuclear Society 112

(2015) 577;

* LM. Kerby and S.G. Mashnik, An Expanded Coalescence Model within the
IntraNuclear Cascade of CEM, LANL Report, LA-UR-15-20322 (January 2015);

¢ 5.G. Mashnik and L.M. Kerby, MCNP6 Fragmentation of Light Nuclei at Inter-
mediate Energies, Nuclear Instruments and Methods in Physics Research A 764

(2014) 59; arXiv:1404.7820;

* S. G. Mashnik and L. M. Kerby, MCNP6 Simulation of Light and Medium
Nuclei Fragmentation at Intermediate Energies, LA-UR-15-22811, Los Alamos
(2015), talk presented at the 12th International Conference on Nucleus-Nucleus

Collisions (NN2015), 2015-06-21/2015-06-26 (Catania, Italy);

¢ 5. G. Mashnik, L. M. Kerby, and K. K. Gudima, Fragmentation of Light Nu-
clei at Intermediate Energies Simulated with MCNP6, LA-UR-15-20953, Los
Alamos (2015), Invited to present at the Fifth International Conference on Nu-
clear Fragmentation "From Basic Research to Applications" (NUFRA2015), 2015-

10-04/2015-10-11 (Antalya (Kemer), Turkey).

According to the Cascade Exciton Model (CEM) [1, 2], there are three ways high-
energy heavy clusters can be produced. The first way is via coalescence of nucleons
produced in the IntraNuclear Cascade (INC). The second way is via the preequilib-
rium model. The last way is via Fermi breakup. Previous work in CEM examines

the impact of expansions of the preequilibrium model and Fermi breakup model on
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heavy cluster production [93, 96, 97, 64, 94, 95]. This chapter studies the impact of
expanding the coalescence model on heavy cluster emission. CEMo3.03, the event
generator in the MCNP6 [4] for intermediate-energy nuclear reactions, is capable of
producing light fragments up to *He in its coalescence model. In this study, we have
expanded the coalescence model to be able to produce up to “Be in CEMo3.03F and
up to '2C in LAQGSMo3.03F. Results are promising.

3.1 BACKGROUND

When the cascade stage of a reaction is completed, CEM uses the coalescence model
described in Ref. [24, 98] to “create” high-energy d, t, *He, and “He by final-state
interactions among emitted cascade nucleons outside of the target nucleus. The
coalescence model used in CEM is similar to other coalescence models for heavy-
ion-induced reactions. The main difference is that instead of complex-particle spectra
being estimated simply by convolving the measured or calculated inclusive spectra of
nucleons with corresponding fitted coefficients, CEMo3.03 uses in its simulations of
particle coalescence real information about all emitted cascade nucleons and does not
use integrated spectra. (Note that the coalescence introduced recently in the Liege
intranuclear cascade (INCL) [39, 41, 99, 38], is in a way similar to the coalescence
considered by CEM as proposed in Ref. [24, 98], with the main contrast being that
INCL considers coalescence of INC nucleons on the border of a nucleus, inside the
target-nucleus, while CEM coalesces INC nucleons outside the nucleus.) We assume
that all the cascade nucleons having differences in their momenta smaller than p. and
the correct isotopic content form an appropriate composite particle. The coalescence
radii p. as used in CEMo3.03 are:

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

pc(d) = 90MeV/c;
pe(t) = pc:(PHe) =108 MeV/c; (3.1)
pe(*He) = 115MeV/c.
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300 MeV < T < 1000 MeV

pc(d) = 150 MeV/c;
pe(t) = pc:(PHe) =175MeV/c; (3.2)
pc(*He) = 175MeV/c.

If several cascade nucleons are chosen to coalesce into composite particles, they
are removed from the distributions of nucleons and do not contribute further to such

nucleon characteristics as spectra, multiplicities, efc.

3.2 TEST CASE: 800 MEV/NUCLEON NE + NE
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FIGUrRE 3.1: Comparison of p, d, t, and 3He spectra at 45, 60, 9o, and 130
degrees from 800 MeV /nucleon ?°Ne + NaF measured at the Bevatron/Bevalac at
the Lawrence Berkeley Laboratory [100, 101] with calculations by LAQGSo03.03 using
its “standard” version of the coalescence model (pg = 0.09 GeV/c for d, 0.108 GeV /c
for t and ®He, and o.11 5 GeV/c for 4He; dotted lines) and with modified values of Po
labeled in legend as “coal1” (py = 0.15 GeV/c for d, and o.175 GeV/c for t, 3He, and
4He; dashed lines), as well as with a second modification of po labeled in legend as
“coal2” (pp = 0.12 GeV/c for d, and o.14 GeV/c for t and 3He, and *He; solid lines),
as indicated (for simplicity, all calculations were done on a ?’Ne target).
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Here we will discuss the reaction 8oo MeV/A Ne + Ne, which we analyzed in
Ref. [64]. 2°Ne nuclei are light enough that LF can be produced by LAQGSM not only
with the Fermi breakup model, when the residual excited nucleus after INC has a
mass number A < 13, but also via preequilibrium emission and evaporation, as well
as final residual nuclei after all stages of reactions.

Experimental data of the reaction 8oo MeV/A Ne + Ne were collected at the
Bevatron/Bevalac at the Lawrence Berkeley Laboratory [100, 101]. Only LF of high
and very high energies were measured in these experiments, and only products
from the fragmentation of the bombarding nuclei were detected. LAQGSM can
reproduce such high-energy portions of spectra only with its coalescence model, as the
Fermi breakup model would provide LF of lower energies, while the preequilibrium
emission and evaporation would provide much lower LF energies; the energies of the
LF produced as final “residual nuclei” after all other stages of reactions would be
even much lower. In other words, the experimental data from Refs. [100, 101] are very
convenient to test the coalescence model in LAQGSM.

As noted in Section 1.B.4, LAQGSM uses fixed values for p, as determined by
Eq. (3.1). Results obtained with such “standard” values for p. are shown in Fig. 3.1
with dotted lines: We see that these LAQGSM spectra underestimate the measured
data, suggesting that we need to use higher values for p,, at least for this particular
reaction. As a second test of p. values, we try to use for this reaction the values shown
in Eq. (3.2), found to work the best in CEMo3.03 in the 300 MeV < T < 1 GeV region
of incident energies. Results obtained with these values for p, are shown in Fig. 3.1
with dashed lines: We see that values of p. defined by Eq. (3.2) provide too many
high energy LF, i.e., these values are too big to provide the best results for LF spectra
calculated by LAQGSM for this particular reaction. Finally, we try some intermediate

pc values:

pc(d) = 120MeV/c;

pe(t) = Pc(gHe): (3-3)
= pc(*He) = 140 MeV /c.



48

Results calculated with these values are shown with solid lines in Fig. 3.1: They
agree much better with the measured spectra of d, t, and *He from this reaction
than the previous two sets of results. Note that the aim of our work [64] was not to
fine-tune the parameters used by the coalescence model in our CEM and LAQGSM
event generators. We may consider such a fine-tuning at a later stage. Here, we
just show that although the standard versions of our CEM and LAQGSM event
generators for MCNP6 provide an overall good agreement of calculated spectra and
yields of products from various reactions, a fine-tuning of some of their parameters
would allow improving further the agreement of calculated results with available
experimental data.

In addition, Fig. 3.1 demonstrates that coalescence plays a significant role in the
emission of energetic light fragments. Therefore, extending coalescence to fragments
heavier than “He should provide increased emission of these fragments in the high-

energy region.

3.3 COALESCENCE EXPANSION IN CEM

The Coalescence Model in CEMo3.03 allows for coalescence up to *He. We have
expanded this to additionally allow for the coalescence of ®He, °Li, “Li, and "Be.

CEMo3.03 uses the simplest version of the coalescence model [24, 98] and checks
only the momenta of nucleons emitted during the cascade stage of reactions, without
checking their coordinates.

The momentum, p, of each nucleon is calculated relativistically from its kinetic
energy, T (CEMo3.03 provides in its output files the energy of particles, but not their
momenta), as in Eq. 3.4

p>c? = KE(KE + 2myc?), (3-4)

where my is the rest mass of the nucleon. Eq. 3.4 can be derived from the relativisitc

energy relations

E? = p*c + mjc* (3.5)
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and

E = KE + mpc?. (3.6)

Coalescence occurs if each nucleon in the group has |Ap| < p., where Ap is defined
as the difference between the nucleon momentum and the average momentum of all
nucleons in the group.

The coalescence model of CEMo3.03 first checks all nucleons to form 2-nucleon
pairs, their momenta permitting. It then checks if an alpha particle can be formed
from two 2-nucleon pairs (either from 2 n-p pairs or from a n-n and p-p pair). After
this it checks to see if any of the 2-nucleon pairs left can combine with another nucleon
to form either tritium or *He. And lastly, it checks to see if any of these 3-nucleon
groups (tritium or 3He) can coalesce with another nucleon to form *He.

The expanded coalescence model then takes these 2-nucleon pairs, 3-nucleon (tri-
tium or >He only) groups, and *He to see if they can coalesce to form heavy clusters.
“He can coalesce with a 3-nucleon group to form either “Be or “Li. Two 3-nucleon
groups can coalesce to form either °Li or ®He. And *He can coalesce with a 2-
nucleon pair to form either °Li or ®He. All coalesced nucleons are removed from
the distributions of nucleons so that our coalescence model conserves both atomic-
and mass-numbers.

For additional details of the Coalescence Model expansion, see Ref. [102].

3.3.1 Coalescence Parameter p,

As mentioned in Section 3.1, p, determines how dissimilar the momenta of nucleons
can be and still coalesce. p. was expanded to also include a value for heavy clusters,
or light fragments (LF): p.(LF). Our new p.’s for incident energies, T, less than 300

MeV or greater than 1000 MeV are:

pc(d) = 90MeV/c;
pe(t) = pc(*He) =108 MeV/c; (3.7)
pc(*He) = 130 MeV/c.
pc(LF) = 175MeV/c.
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And for 300 MeV < T < 1000 MeV

pc(d) = 150 MeV/c;

pe(t) = pc:(PHe) =175MeV/c; (3.8)
pc(*He) = 205MeV/c.

pc(LF) = 250 MeV/c.

Note that the p.(*He) was also increased compared to the old p. values. Too
many alpha particles were lost (coalesced into heavy clusters), and therefore we

compensated by increasing the coalescence of “He.

3.3.2 Computation Time

Expanding the coalescence model did not significantly impact computation times.
Table 3.1 displays a sampling of computation times with and without the expanded

coalescence model.

TaBLE 3.1: Computation Times with and without the Expanded Coalescence Model

Reaction | # Events | Without Expansion | With Expansion | % Increase (Decrease)
p200Co | 20 Million 83 min 90 min +8.4%
p480Ag | 99 Million 19.68 hr 19.60 hr -0.4%
p1200Au | 99 Million 72.87 hr 77.88 hr +6.9%
p19ooNi | 20 Million 395 min 361 min -7.4%
p2500Au | 20 Million 28.02 hr 27.19 hr -3.0%

The increase in computation times appear to be statistically indistinguishable from
the statistical variability of computational times on the LANL servers. The simple
average increase was +0.9%, and the weighted average increase in computation time

was +2.8%; neither are significant.

3.4 RESULTS AND ANALYSIS

Examples of results of our coalescence expansion are displayed in Figs. 3.2 and 3.3.

The upgraded CEMo3.03F without coalescence expansion (blue solid lines) and the
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F1GURE 3.2: Comparison of experimental data by Budzanowski, et al. [49] (green
circles) for the production of °He and °Li at an angle of 20° from the reaction 1200
MeV p + %7 Au, with results from CEMo3.03F without coalescence expansion (blue
solid lines) and CEMo3.03F with coalescence expansion (red dashed lines).

upgraded CEMo3.03F with coalescence expansion (red dashed lines) are compared

with experimental data (green circles). CEMo3.03F refers to the upgraded CEMo3.03
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FiGUuRre 3.3: Comparison of experimental data by Green et al. [103] (green circles)
for the production of “Li and “Be at an angle of 40° from the reaction 480 MeV p +
nat Ao with results from CEMo3.03F without coalescence expansion (blue solid lines)
and CEMo3.03F with coalescence expansion (red dashed lines).

code, which has been upgraded with a Modified-Exciton-Model expansion and a total

reaction cross section model improvement. The blue solid lines contain both of these
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improvements over the original CEMo3.03, and the red dashed lines contain both of
these improvements plus the coalescence expansion.

Fig. 3.2 displays fragment production spectra of ®He and °Li for the reaction
1200 MeV p + 7Au. Experimental data by Budzanowski et al. [49] (green circles)
are compared with results from CEMo3.03F without coalescence expansion (blue
solid lines) and CEMo3.03F with coalescence expansion (red dashed lines). The
coalescence expansion increases the production of high-energy ®He and °Li, and
improves agreement with experimental data.

Fig. 3.3 displays the fragment production spectra of ’Li and “Be for the reaction 480
MeV p + " Ag. Experimental data by Green et al. [103] (green circles) are compared
with results from CEMo3.03F without coalescence expansion (blue solid lines) and
CEMo3.03F with coalescence expansion (red dashed lines). Again, the coalescence
expansion increases the production of heavy clusters, and improves agreement with
experimental data.

These reactions also highlight how the coalescence can produce heavy clusters not
just of high-energy, but also of low- and moderate-energy, thus improving agreement
with experimental data in these energy regions as well.

Fig. 3.4 displays experimental results of the reaction 480 MeV p + " Ag — SLi
by Green et al. [103] (green circles), compared with simulations from results from
CEMo3.03F without coalescence expansion (blue solid lines), CEMo3.03F with coa-
lescence expansion (red dashed lines), and the original CEMo3.03 (brown dashed-
dotted lines). Even without the coalescence expansion, CEMo3.03F (which contains
a preequilibrium expansion and a total reaction cross section improvement) yields
much better results than CEMo3.03 without any of these improvements. Adding the
coalescence expansion produces even better results.

Similar results for many other reactions induced by protons, neutrons, and heavy
ions (the last are simulated with LAQGSMo3.03, but with an extended coalescence

model as described in Ref. [104]) and further discussions can be find in Refs. [102,

104, 105].
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FIGURE 3.4: Comparison of experimental results of the reaction 480 MeV p + "*Ag
— ©Li at 60° by Green et al. [103] (green circles), with simulations from the original
CEMo3.03 (brown dashed-dotted lines), CEMo3.03F without coalescence expansion
(blue solid lines) and the CEMo3.03F with coalescence expansion (red dashed lines).

3.5 CONCLUSION

Expanding the coalescence model within CEM yields increased production of heavy
clusters in nuclear spallation reactions, particularly in the high-energy region, but also
in the low- and moderate-energy regions. Preliminary results indicate this coalescence
expansion yields improved agreement with experimental data. These upgrades were
recently implemented into and tested in MCNP6 and will be described in detail in a
future publication.

We further recommend a greater improvement of the coalescence model in the
future, to include more heavy clusters, such as 8Li and ?Li, etc. The coalescence

model favors the formation of neutron-rich heavy clusters for heavy targets (due to
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the presence of more neutrons than protons produced during the cascade). We see
that the predictions for the spectra for these neutron-rich heavy clusters could likely
be improved by such a coalescence expansion. In this further improvement of the
coalescence model we also recommend considering the Coulomb Barrier to limit low-

energy production.
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CHAPTER 4

PREEQUILIBRIUM —EXPANSION

Below are relevant publications that result from the author’s work pertaining to this

chapter.

e LM. Kerby, S.G. Mashnik, and A.]J. Sierk, Preequilibrium Emission of Light

Fragments in Spallation Reactions, Nuclear Data Sheets 118 (2014) 316;

¢ LM. Kerby, S.G. Mashnik, and A.T. Tokuhiro, Production of Energetic Light
Fragments with Expanded Cascade Exciton Model (CEM), Transactions of the

American Nuclear Society 110 (2014) 465;

¢ 5.G. Mashnik, L.M. Kerby, K K. Gudima, and A.J. Sierk, Extension of the CEM
and LAQGSM Models to Describe Production of Energetic Light Fragments in
Spallation Reactions, European Physical Journal Web of Conferences 66 (2014)

03059; arXiV:1306.6547;

¢ LM. Kerby, S.G. Mashnik, and A.]. Sierk, Comparison of Expanded Preequi-
librium CEM Model with CEMo3.03 and Experimental Data, FY2013, LANL
Report, LA-UR-13-21828 (November 2013).

The preequilibrium interaction stage of nuclear reactions is considered by the
current CEM and LAQGSM in the framework of the latest version of the Modified
Exciton Model (MEM) [15, 16] as described in Ref. [20]. At the preequilibrium stage
of a reaction, CEMo3.03 and LAQGSMo3.03 take into account all possible nuclear
transitions changing the number of excitons n with A, = +2, -2, and o, as well as all
possible multiple subsequent emissions of n, p, d, t, 3He, and *He. The corresponding
system of master equations describing the behavior of a nucleus at the preequilibrium
stage is solved by the Monte-Carlo technique [1]. This chapter investigates the impact
of expanding our MEM to include the possibility of emitting heavy clusters, heavier

than “He, up to 2Mg.
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4.1 THE MODIFIED EXCITON MODEL (MEM)
4.1.1  MEM Physics

The probability of finding the system at the time moment ¢ in the Ex state, P(E,a,t),

is given by the following differential equation:

OP(E,a,t)

TR Y [A(Ea, Ea')P(E, o/, t) — A(Ea', Ex)P(E, o, t)]. (4.1)

aFo!
Here A(Ew, Ea’) is the energy-conserving probability rate, defined in the first order of

the time-dependent perturbation theory as
/ 2m I |2
AMEa, Ea") = 7| < Ea|V|Ea' > |“wy(E). (4.2)

The matrix element < Ex|V|Ea’ > is believed to be a smooth function in energy, and
wq(E) is the density of the final state of the system. One should note that Eq. (4.1)
is derived provided that the “memory" time Ty, of the system is small compared
to the characteristic time for intranuclear transition 71/A(Ex, Ea’) but, on the other
hand, Eq. (4.1) itself is applicable for the time moments ¢ > 7i/A(Ea, Ea’). Due to the
condition Tyem > hi/A(Ex, Ex’), being described by Eq. (4.1), the random process is
the Markovian one.

The Modified Exciton Model (MEM) [1, 15, 16] utilized by CEM and LAQGSM
uses effectively the relationship of the master equation (4.1) with the Markovian
random processes. Indeed, an attainment of the statistical equilibration described
by Eq. (4.1) is an example of the discontinuous Markovian process: the temporal
variable changes continuously and at a random moment the state of the system
changes by a discontinuous jump, the behavior of the system at the next moment
being completely defined by its state at present. As long as the transition probabilities
A(Ea, Ea’) are time independent, the waiting time for the system in the Ea state has
the exponential distribution (the Poisson flow) with the average lifetime 71/ A(a, E) =
h/ Y A(Ex, Ea’). This fact prompts a simple method of solving the related system
of Eq. (4.1): simulation of the random process by the Monte Carlo technique. In this

treatment it is possible to generalize the exciton model to all nuclear transitions with
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An = 0,42, and the multiple emission of particles and to depletion of nuclear states

due to the particle emission. In this case the system (4.1) is as follows: [106]

OP(E,a,t)

5 =—An,E)P(E,n,t)+Ay(n—2,E)P(E,n—2,t)+

+ Ao(n, E)P(E, n,t) + A_(n+2,E)P(E,n+2,t)+ (4-3)
+ ):/d:r/dE’M;(n, E,T)P(E',n+n;,t)o(E' — E— B; — T).
j

Now we have our master equation Eq. (4.3) and can find the particle emission rates

AL and the exciton transition rates A4, Ag, and A_.

Particle Emission
According to the detailed balance principle, the emission width T'j, (or probability of
emitting particle fragment j), is estimated as
E-Bj
Ti(p, I E) = /V M(p,h,E, T)dT, (4.4)
j

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

; 2si+1 w(p—1,hE—B;—T)
] — = R ] ,
Ac(p/ h,E, T) 233 Hi (p/h) (p’ n, E) T(va(T)- (4.5)

p is number of particle excitons;

h is number of hole excitons;

E is internal energy of the excited nucleus (sometimes referred to as U);
sj: spin of the emitted particle j;

pj: reduced mass of the emitted particle j;

w: level density of the n-exciton state;

B;: binding energy;

V]-C: Coulomb barrier;

T: kinetic energy of the emitted particle j;

Oinp: iNVerse cross section;
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R: creates zero probability of emission if the number of particle excitons is less than

the number nucleons of particle ;.

Equation (4.5) describes the emission of neutrons and protons. For complex par-
ticles, the level density formula w becomes more complicated and an extra factor 7;

must be introduced:

Pj\p.—
v~ Py () (4.6)

In reality Equation (4.6) for v; is a preliminary rough estimation that is refined
by parameterizing over a mesh of residual nuclei energy and mass number [19]. As
the MEM uses a Monte-Carlo technique to solve the master equations describing the
behavior of the nucleus at the preequilibrium stage (see details in [1]), it is relatively
easy to extend the number of types of possible LF that can be emitted during this
stage. However, adding the possibility of LF emission alters the previous ; param-
eterization, effectively requiring new parameterization. This work of parameterizing
7; is the focus of Chapter 6.

Assuming an equidistant level scheme with the single-particle density g, we have

the level density of the n-exciton state as [107]

__g(ge)yr+t
Wb E) = =T

(4.7)

This expression should be substituted into Eq. 4.5 to obtain the transmission rates A]C..

Exciton Transitions
According to Equation (4.2), for a preequilibrium nucleus with excitation energy E
and number of excitons n = p + h, the partial transition probabilities changing the

exciton number by An are

27
)LAn(P, h, E) = 7|MAn|zwAn(p, h,E) . (4,8)

For these transition rates, one needs the number of states, w, taking into account the
selection rules for intranuclear exciton-exciton scattering. The appropriate formulae

have been derived by Williams [108] and later corrected for the exclusion principle
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and indistinguishability of identical excitons in Refs. [109, 110]:

1 [gE—A(p+1Lh+D]P[gE— A(p+1,h+1)]"""

wilpWE) = 58 n+1 E— A(p, ) ’
1 E—A(p,h
wolpB) = Sg8EZAPIN ) fapn - 1),
1
w-(p,lE) = zgph(n—2), (4.9)

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

nucleus. Therefore, we have

ISE— A(p+1,h+1)][¢E—A(p+1,h+1)]"""

< U(Urel)vrel >
) 2E— A(p, 1) . (4.10)

— TimR8

Here, V;,,; is the interaction volume estimated as V;,;; = %n(ZrC + A/27m)3, with the de
Broglie wave length A /27t corresponding to the relative velocity v, = /2T, /my. A
value of the order of the nucleon radius is used for r. in the CEM: r. = 0.6 fm.

The averaging on the left-hand side of Eq. (4.10) is carried out over all excited
states, taking into account the exclusion principle. Combining (4.8), (4.9), and (4.10)

we finally get for the transition rates:

<0 Opel ) Oy >
/\+(p,h,E) _ (‘r/‘l)t el ,
<<dwmmd>n+1{ gE — A(p,h) ]”“pw—lywwh+Mh—n
Vint n |gE—A(p+1,h+1) gE— A(p, h) ’

_ <o@a)vm>[  gE—Alph) " ph(n+1)(n—2)
pip) = S ] e A )

Ao(p, W E) =

Angular Distributions
The CEM predicts forward peaked (in the laboratory system) angular distributions for
preequilibrium particles. For instance, CEMo03.03 assumes that a nuclear state with

a given excitation energy E* should be specified not only by the exciton number n
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but also by the momentum direction (). Following Ref. [111], the master equation
(Eq. (4.3)) can be generalized for this case provided that the angular dependence
for the transition rates A, Ag, and A_ (Eq. (4.11)) is factorized. In accordance with

Eq. 4.10, in the CEM it is assumed that

<o >—<0o>FQ), (4.12)
where 5
dol/dQ)
F(Q)) = . X
() [dQydofree /dcy (4.13)

The scattering cross section do/7/dQ) is assumed to be isotropic in the reference
frame of the interacting excitons, thus resulting in an asymmetry in both the nucleus
center-of-mass and laboratory frames. The angular distributions of preequilibrium
complex particles are assumed to be similar to those for the nucleons in each nuclear
state [1].

This calculational scheme is easily realized by the Monte-Carlo technique. It pro-
vides a good description of double-differential spectra of preequilibrium nucleons and
a not-so-good but still satisfactory description of complex-particle spectra from differ-
ent types of nuclear reactions at incident energies from tens of MeV to several GeV. For
incident energies below about 200 MeV, Kalbach [28] has developed a phenomenolog-
ical systematics for preequilibrium-particle angular distributions by fitting available
measured spectra of nucleons and complex particles. As the Kalbach systematics are
based on measured spectra, they describe very well the double-differential spectra
of preequilibrium particles and generally provide a better agreement of calculated
preequilibrium complex particle spectra with data than does the CEM approach based
on Egs. (4.12, 4.13). Therefore, CEMo03.03 incorporated the Kalbach systematics [28] to
describe angular distributions of both preequilibrium nucleons and complex particles
at incident energies up to 210 MeV. At higher energies, CEMo3.03 uses the CEM
approach based on Egs. (4.12, 4.13).
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TABLE 4.1: The emitted particles considered by the modified MEM.
Z; Ejectiles

(0} n
1 p d t
2 S%He “*He °©°He B8He
3 OLi “Li i Li
4 "Be ‘Be 10Be  11Be !°Be
5 8B 1OB 1lB 12B 13B
6 1OC 11C 12C 13C 14C 15C 16C
7 12N 13N 14N 15N 16N 17N
8 140 150 160 170 180 190 ZOO
9 171:: 181:: 191:; 201:: 21F
10 BNe "Ne 2 Ne 2INe 2’Ne 2’Ne ?*Ne
11 ?Na ?Na »Na ?Na ?Na
12 ZZMg ZBMg 24Mg 251\/[g 261\/[g 27Mg 28Mg

4.1.2  Precompound Particles Considered

Table 4.1 displays the particles our expanded MEM can emit.

4.2 MEM EXPANSION
4.2.1  Outputing Spectra for Light Fragments

CEMo3.03 does not have capability to output cross sections for fragments larger than
4He. Therefore, the first task of this project was to add this capability. We also created
the flexibility to output by isotope, Z number, or mass number. For more details of
this work, see Ref. [112]

We next commenced an in-depth study of the code in MEM calculations. The

flowchart in Fig. 4.1 describes the calculations and processes performed in the MEM.

4.2.2 Distributions of Residual Nuclei After INC

To understand the mechanisms of nuclear reactions better, we need to have informa-
tion about various physical properties of our residual nuclei (such as momentum,
angular momentum, energy, A and Z numbers, and exciton information) at various

stages of the spallation reaction. We therefore built a module to calculate and output
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these residual nuclei physical properties. The module can be inserted anywhere in
the reaction process we want to investigate.
Figs. 4.2—4.4 show distributions of several properties of the residual nuclei after

the INC, and right before the preequilibrium stage, for several reactions.
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FIGURE 4.2: Momentum, angular momentum, energy, mass- and charge-
numbers, number of excitons, particle excitons, charged particle excitons, and holes
distributions of residual nuclei for the 200 MeV p + ?’Al — ... reaction directly after
the INC, before the preequilibrium stage.

Observe how the number of charged particle excitons drops off sharply in Fig. 4.2.
This demonstrates that we should expect the cross section to decrease dramatically as
fragment size increases. We would also expect emission of LF from the MEM will be
less of a factor in this reaction as it is in reactions with larger targets and/or higher
incident energies.

Increasing the size of our target nucleus leads to a more gradual decline in our
number of charged particle excitons in Fig. 4.3, and thus we would expect more
emission from the MEM. Also notice the spikes in both the momentum and energy

histograms. The momentum spike corresponds to the momentum of the incident
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FIGURE 4.3: Momentum, angular momentum, energy, mass- and charge-
numbers, number of excitons, particle excitons, charged particle excitons, and holes
distributions of residual nuclei for the 200 MeV p + 1%’ Au — ... reaction directly after
the INC, before the preequilibrium stage.

proton. The energy spike, which occurs at about 207 MeV, corresponds to the reaction
in which the proton and its full 200 MeV of energy is absorbed within the gold nucleus.
This provides 200 MeV from the incident proton plus approximately 7 MeV from the
binding energy, for a total of 207 MeV. This is not a violation of energy conservation
because we change reference frames—from the incident proton with 200 MeV in the
laboratory system to the nucleus center-of-mass system which receives an extra 7 MeV
from the binding energy of the proton. We did not see this spike in the aluminum
target because the Al nucleus is too small and the incident proton (or a created scatter
particle) escapes the nucleus.

In Fig. 4.4 the peaks disappear again, because the energy has significantly in-
creased and either the incident proton or one of the created scatter particles escapes

the gold nucleus. Notice that the number-of-charged-particle-excitons probability
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FIGURE 4.4: Momentum, angular momentum, energy, mass- and charge-
numbers, number of excitons, particle excitons, charged particle excitons, and holes
distributions of residual nuclei for the 2500 MeV p + 1% Au — ... reaction directly after
the INC, before the preequilibrium stage.

does not begin to drop until after about 15. This means our MEM could emit a
large fragment with high-energy from this high-energy reaction.

More physics can be extracted from Figs. 4.2—4.4. For example, the momentum in-
fluences the angular distribution of emitted fragments: the greater the momentum the
more forward-peaked the emitted fragments will be. In addition, most multifragmen-
tation models require an energy of at least > 4 MeV per nucleon. Inspection reveals
that we would expect multifragmentation to pertain to the reaction 2500 MeV p +
Y7Au — ... only. Furthermore, the angular momentum effects the probability of
fission, with greater angular momentum leading to more fissions. Thus we would
expect more fissions in the 2500 MeV p + 17 Au — ... reaction than at the lower energy
of 200 MeV presented in Fig. 4.3. Lastly, distributions of A and Z reveal the number of
collisions that occurred in the target-nucleus, with larger distributions resulting from

more collisions.
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4.2.3 Code Crash Protection

Bugs used to be fixed on an as-encountered basis. However, after encountering one
bug that could not feasibly be fixed in this manner, we decided to complete CEM-
wide code crash protection. The entirety of the CEM code was modified to check, by
if statements, for divide-by-zero errors and, if encountered, output error statements
revealing where in the code such errors occurred (while fixing the divide-by-zero
error to allow for completion of the simulations). Square root calculations were
also protected to ensure no errors occurred. Logarithmic and inverse trigonometric
functions were not universally error protected.

This was a large project as it involved slight modification of all the CEM code.
However, as it will provide crash protection for future applications of CEM, including
crash protection within future versions of MCNP, we determined it was worth it.

As this crash protection involved the addition of numerous if-statements into
the code, we investigated the impact on computation time. The influence on CPU
runtime was not significant and could not be detected above the normal variations
in runtime that occur due to time-of-day CPU speed fluctuations, or having a month
between runs (and LANL servers subsequently getting faster, perhaps). In addition,
we validated the crash protected code by rerunning many reactions to ensure we got

the same results as the non-protected code.

4.3 PRELIMINARY RESULTS

Preliminary results were very encouraging. Fig. 4.5 demonstrates the potential of the
modified precompound code we built, for the same reaction and data as shown in
Fig. 1.2: 200 MeV p + 2’ Al — °Li. The blue dotted lines show double differential cross
section results from the new precompound code we designed here; the red solid lines
present calculations from the old code; and the yellow symbols are experimental data
from Machner, et al. [11]. The upgraded MEM provides dramatically improved ability
to describe the cross section at intermediate to high energies. Note that the bumpiness

in the CEM results is due to statistical noise.



68

1.OE+0 ¢
200 MeV p + 27Al = 6Li + ...
1.0E2 ¢ X
1.0E3 |

™ = «, 20° x 10°

§ 1.0E-4 o] \"~~~~\

é’ 1.0E-5 500 NS

) o .

-g 1.0E-6 ‘42',(”:

= 1.0E-7 I AA

c 1.0t 60° x 102

g A0 an

5 1.08-8 < 90°x10°

B 1.0e9

‘:‘U ] 110°x10*

1.0E-10 |

O 2006 Machner, et al.

; — Pisa-LMK CEM03.03
1.0e-11 ¢ ——-- Preeq-LMK CEM03.03
L0E12 Lo v v w0 e

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0

T (Mev)

FIGURE 4.5: Comparison of double differential cross section experimental data by
Machner, et al. [11] (open symbols) with results from the unmodified CEMo3.03 (red
solid lines) and the modified MEM CEMo3.03 (blue dashed lines) for 200 MeV p +
27Al — L.

Fig. 4.6 presents energy-spectra of nucleons, d, t, 3He, and *He, as well as energy-
spectra of heavier fragments 6Li, “Be, 1B, and 2C. It demonstrates that the modified-
MEM code predicts the high-energy tails of light fragment spectra, without destroying
the spectra of established particles and fragments.

This was only the beginning of our work expanding the preequilibrium stage of
CEM and LAQGSM. Chapters 5 and 6 detail upgrades to the inverse cross section
model and the ; model used in our expanded MEM.
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CHAPTER 5

PREEQUILIBRIUM —INVERSE CROSS SECTIONS

Below are relevant publications that result from the author’s work pertaining to this

chapter.

* LM. Kerby and S. G. Mashnik, Total Reaction Cross Sections in CEM and
MCNP6 at Intermediate Energies, Nuclear Instruments and Methods in Physics
Research B 356-357 (2015) 135, arXiv:1505.00842;

e L.M. Kerby and S.G. Mashnik, Total Reaction Cross Section Models in CEM
and MCNP6 in the Intermediate-Energy Range (>1 MeV), LANL Summer 2014
Internship Report, LANL Resport, LA-UR-14-26657 (August 2014);

¢ L.M. Kerby and S.G. Mashnik, Fiscal Year 2014 Report, LANL Report, LA-UR-
14-27533 (November 2014).

Total reaction cross section models have a significant impact on the predictions and
accuracy of spallation and transport codes. CEMo3.03 and LAQGSMo3.03, default
event generators in MCNP6, each use such cross sections for different purposes. While
total reaction cross sections are used throughout the transport and spallation models,
there are two main utilizations. MCNP6 uses total reaction cross sections to determine
where a reaction occurs (through the mean-free path length), then with what nucleus
the projectile interacts 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. Phenomenological approximations of total reaction
cross sections are also used by CEMo3.03 as the default option for normalization of
all results in the case of reactions induced by protons and neutrons, when CEMo3.03
is used as a stand alone code, outside any transport codes; see details in Refs. [2, 19].

Having accurate total reaction cross section models in the intermediate energy
region (~50 MeV to ~5 GeV) is important for many different applications. Appli-

cations in space include astronaut radiation dosage, electronics malfunction analysis,
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structural materials analysis, and Galactic Cosmic Rays (GCRs) shielding. Medical ap-
plications include hadron therapy for cancer [8], radiation shielding, medical isotope
production, and high-radiation environment dosimetry. Other applications include
accelerator design and simulation. In addition, implementing better inverse cross
sections in CEM should provide more reliable predictions; that is, our current work
should be useful also from an academic point of view, allowing us to better under-
stand the mechanisms of nuclear reactions. Lastly, the 2008-2010 IAEA Benchmark
of Spallation Models recommended an improvement to CEM’s ability to predict the
production of energetic light fragments [9, 10]. Our improvement of the inverse cross
sections used by CEMo3.03 addresses directly this point, both for a better description
of light fragments, but also of nucleons.

The current inverse cross sections used in the preequilibrium and evaporation
stages of CEM are based on the Dostrovsky et al. model, published in 1959 [113]. (For
more information about the stages of CEM in its model of spallation reactions, see
Ref. [2, 64, 19].) Better total reaction (inverse) cross section models are available now
[114, 115, 116, 119, 120, 117, 118, 121, 122, 123, 124, 125].

MCNP6 uses an update of the Barashenkov and Polanski (B&P) cross section
model [125] as described briefly in [126, 127] 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 MCNP6 should yield improved results of particle
spectra and total production cross sections, among other results. Our current results,
upgrading the inverse cross section model in the preequilibrium stage of CEM, prove
that this is, in fact, the case.

This cross section development work is part of a larger project aimed at enabling
CEM to produce high-energy light fragments [64, 94, 95]. Figs. 5.1 and 5.2 illustrate
two examples of results of that project: comparing results from CEMo3.03 with an
upgraded Modified Exciton Model (MEM) to results from CEMo3.03 unmodified. For
some reactions we obtained good results (see, e.g., Fig. 5.1), and for other reactions,
while our results showed improvement, they could still be better (see, e.g., Fig. 5.2).

We decided to upgrade the inverse cross section models used by CEM, in the preequi-
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FiGure 5.1: Comparison of experimental data by Machner et al. [11] (green
circles) with results from the unmodified CEMo3.03 (blue dotted lines) and the
modified-MEM CEMo3.03, we refer to here as CEMo03.03F [94, 95] (red solid lines)
for 27 Al(p,°Li)X with incident proton energy of 200 MeV and for emission angles of
20°, 45°, 60°, 90°, and 110°.

librium stage, to improve such results further. As CEM is the default event generator
in MCNP6 in the intermediate energy range, once these results were implemented

into MCNP6, we see a corresponding improvement in MCNP6 as well.

5.1 BACKGROUND

As mentioned above, the current inverse cross sections in CEM are based on the
Dostrovsky et al. model [113]. It is based on the strong absorption model and its
general form is as shown in Eq. (5.1).

Vi
7)- (5.1)

2 42/3
Tpost, = TTr3 A%/ aj(1—

The Dostrovsky et al. 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 [114,
115, 116]. The NASA (or Tripathi et al.) model is also based on the strong absorption

model and its general form is shown in Eq. (5.2). é1, X;;, and Bt are discussed more
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FIGURE 5.2: Comparison of experimental data by Budzanowski et al. [49] (green
circles) with results from the unmodified CEMo3.03 (blue dashed lines) and the
modified-MEM CEMo3.03, we refer to here as CEMo03.03F [94, 95] (red solid lines)
for 17 Au(p,”Li)X with incident proton energy of 1200 MeV and for emission angles
of 15.6°, 20° 35°, 50°, 65°, 80°, and 100°. The 100°spectrum (the lower set) is shown
unscaled, while the 80°, 65°, etc., down to 15.6°spectra are scaled up by successive
factors of 10, respectively.

tully later, and defined in Eq. (5.7). The NASA cross section attempts to simulate
several quantum-mechanical effects, such as the optical potential for neutrons (with
Xm) and collective effects like Pauli blocking (through J7). (For more details, see
Refs. [114, 115, 116].)
B
ONASA = 7'[1’%(14113/3 + A%w/g + §T)2(1 — RCT_T)Xm , (52)
cm

where

ro is a constant related to the radius of a nucleus;

Ap is the mass number of the projectile nucleus;

Ar is the mass number of the target nucleus;

dT is an energy-dependent parameter;

R, is a system-dependent Coulomb multiplier;

Br is the energy-dependent Coulomb barrier;

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

Xy, is an optical model multiplier used for neutron-induced reactions.
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There are other proposed total reaction cross section models, such as those by Shen,
et al. [117], and Takechi, ef al. [118], amongst others [125, 121, 122, 123, 124, 119, 120].
It should be noted that both the Shen model and the Kox model have projectile-target
assymetry, as discussed in Ref. [128]. In Ref. [129], Sihver et al. explores a new total
reaction cross section used in PHITS: the hybrid Kurotama model. This model is a
combination of the Black Sphere model [121] and the NASA model [114, 115, 116].
Ref. [130] compares a number of different total reaction cross section models, most
notably those in FLUKA, NASA, and several other recently developed models.

PHITS uses the NASA model as its default total reaction cross section model, but
Shen can be specified as an option [130]. FLUKA uses a modified version of the NASA
model as its total reaction cross section model [131]. GEANT4 has the option to use
NASA, or a number of other total reaction cross section models such as Shen [117] or
Sihver [132], or the Axen-Wellisch [133] total reaction cross section parameterizations
for high-energy hadronic interactions. See Ref. [134, 135] for more details on the total
reaction cross section models used in PHITS, FLUKA and GEANT}4.

In the recent Ref. [136], Krylov et al., compares proton spectra as calculated by
GEANTYy, SHIELD, and MCNPX 2.6 for relativistic heavy-ion collisions. A newer
(and better) version of MCNP is now available, but these results demonstrate the
need for updated cross section models within CEM, LAQGSM, and MCNP6.

Stepan Mashnik with collaborators [137, 138] and Dick Prael with coauthors [127,
139] previously conducted at LANL an extensive comparison of the NASA [114, 115,
116], Tsang et al. [123], Dostrovsky et al. [113], Barashenkov and Polanski (using their
code called CROSEC) [125], and Kalbach [124] systematics for total reaction (inverse)
cross sections. Fig. 5.3 illustrates some results from the study [137]. Their results
found that the NASA total reaction cross section model was superior, in general, to

the other available models. See Ref. [127, 139, 137, 138, 97] for details of their findings.
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FIGURE 5.3: Absorption (inverse) cross section by energy for various reactions, as
calculated in Ref. [137] by the NASA [114, 115, 116], Kalbach [124], and Dostrovsky
et al. [113] systematics, as well as with a “Hybrid approach” suggested in [137] to
account for both NASA [115] and Kalbach [124] systematics, in the case of neutron-
induced reactions. “BAR93” shows experimental data from Ref. [65]; “DUB89” shows
data from Ref. [140]; and “AUCg4” shows data from Ref. [141].



76

5.2 COMPARISON OF TOTAL REACTION CROSS SECTION
MODELS

We built in CEMo3.03F the NASA model [114, 115, 116] and the models used in the
preequilibrium (labeled as “Dostrovsky” in our figures below) and the evaporation
(described with the code GEM2 by Furihata [31], therefore labeled in our figures
below as “GEM2") stages of CEMo03.03, and also compared reactions to calculations
from the Barashenkov and Polanski (B&P) systematics [125], and, for comparison,
to two neutron- and proton-induced reaction cross sections calculations by MCNP6
[4]. Note that MCNP6 uses currently an updated and improved version of the initial
Barashenkov and Polanski (B&P) systematics [125], as outlined briefly in Refs. [126,

127], to simulate the mean-free path length of nucleons in matter.

5.2.1 Neutron-Induced Reactions

Fig. 5.4 displays the total reaction cross section for n + 2%Pb, as calculated by the
NASA, Dostrovsky et al., GEM2, and B&P models, and compared to calculations by
MCNP6 and experimental data. There are several things to notice: 1) the Dostrovsky
and GEMz2 (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 total reaction cross section throughout the energy
region of projectiles, falls to zero at low energies in the case of neutrons, where we
do not have Coulomb barriers. For this reason, we cannot use the NASA model as an
approximation for inverse cross sections in the case of low-energy neutrons: neutrons
are emitted with low energies, too. In the case of low energy neutrons, we use the
Kalbach systematics [124], which proved to be a very good approximation for the
inverse cross section of low-energy neutrons, as discussed in Ref. [137] and in sub-
section 5.3.1 below. Note that this problem of neutron cross sections was addressed
first for the code CEM2k in Ref. [137], by combining the NASA systematics by Tripathi,
Cucinota, and Wilson [114, 115, 116] and the Kalbach parameterization [124] into
a FORTRAN routine called hybrid. We address this problem here, for our current
CEMo3.03F code, in a very similar way (see Ref. [97]).
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FIGURE 5.4: Reaction cross section for n + 2%Pb, as calculated by the NASA,
Dostrovsky et al., GEM2, and B&P models. The black dots are cross section
calculations of MCNP6, and the yellow circles are experimental data [142, 143, 144,

145, 146, 147, 148, 149, 150, 151, 152].

See Ref. [97] for results of other neutron-induced reactions.

5.2.2 Proton-Induced Reactions

Fig. 5.5 illustrates calculated total reaction cross sections by the NASA, Dostrovsky et
al., 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.
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FIGURE 5.5: Reaction cross section for p + !2C, as calculated by the NASA,
Dostrovsky et al., GEM2, and B&P models. The black dots are cross section
calculations of MCNP6, and the yellow circles are experimental data [153].

As we can see from Figs. 5.4 and 5.5 on nucleons, as well as from examples
on complex-particles and fragments heavier than *He presented below in Figs. 5.6
and 5.7, and in numerous figures published in Refs. [127, 137, 138, 139], the Barashenkov
and Polanski approximations also agree very well with available data. For this reason,
the B&P parametrization was chosen to be used for the calculation the total reaction
cross sections in the transport code MCNP6 [4], and in several other transport codes,
too, as far as we know. However, our numerous current comparisons for various

reactions, as well as the voluminous results published in Refs. [127, 137, 138, 139],
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show that, on the whole, the NASA approximation agree a little better with most of
the available experimental data than the B&P systematics does.

See Ref. [97] for results of other proton-induced reactions.

5.2.3 Heavy-lon Induced Reactions

We never tested before how CEMo3.03 calculates inverse cross sections for light frag-
ments (LF) heavier than *He. We address this question below.

Fig. 5.6 illustrates calculated total reaction cross sections by the NASA, Dostrovsky
et al., GEM2, and B&P models for the reactions « + 28Si and °Li + 298Pb, compared to
experimental data.

Fig. 5.7 displays the total reaction cross section for ?C + 2C, as calculated by
the NASA, Dostrovsky et al., 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.

See Ref. [97] for results of other heavy-ion-induced reactions.

We determined that the NASA cross section model fits the experimentally mea-

sured data, in general, better than the other models tested.

5.3 IMPLEMENTATION OF NASA CROSS SECTION MODEL INTO
CEMO3.03F

The implementation of the NASA cross section model into CEM involved adding

Kalbach systematics for low-energy neutrons, updating the emission width calcula-

tion, and upgrading the emitted fragment kinetic energy simulation.

5.3.1 Kalbach Systematics

We added in CEMo3.03F the Kalbach systematics [124] to replace the NASA inverse
cross sections [114, 115, 116] for low-energy neutrons, similar to what was suggested
and done in Ref. [137] for the code CEM2k. Fig. 5.8 displays the Kalbach systematics

implementation for the cross section n + 2%Pb. At around 24 MeV and below, the



a +28sj

1800 T T T TTTTT T T \HHW T T T TTTTT T T T TTTIT
1600} —
1400 —
1200} —
2 10001 -
S
z
o= 800 |
6001 [ 16 _
,"% ©  Exp. Data
400 i NASA —
lj% * Dostrovsky
200 = = GEM2 ]
- - -B&P
0‘ Il lllHH‘ Il llHHl‘ Il llHHM N
10° 10" 10° 10° 10
T (MeV/nucleon)
®Li +%Pb
4500 T T TTTTIT T \\\HH‘ T T TTTITT T T TTT
4000/ —
3500|— % 2 —
3000/ —
2 25001 -
£
z
o 2000~ —
1500 —
O Exp. Data
1000} NASA ||
~oo Dostrovsky
500 - = GEM2 |
; - - -B&P
0 11 lled | llHH” | llHH” .
10° 10 10° 10° 10

T (MeV/nucleon)

8o

FIGURE 5.6: Reaction cross section for & + 28Si and °Li + 2%Pb, as calculated by the
NASA, Dostrovsky et al., GEM2, and B&P models. The yellow circles are experimental

data [154, 155, 156, 157, 158].



81

12C + 12C
1800 I [ TTTTII I \HHH' I [T TTTIT I T TTTTT
1600— —
1400 —
1200 ]
o 1000} —
é -
z
g~ 800 —
600 , SURTTITIERERIERY —
; ©  Exp. Data
= ‘ NASA
400 ,’ """" Dostrovsky T
S GEM2
200 - - - B&P —
,' Exp. Data (TCC)
O | \HHH‘ | \HHH‘ | \HHH‘ I |
10° 10" 10° 10° 10

T (MeV/nucleon)

FIGURE 5.7: Reaction cross section for >C + '2C, as calculated by the NASA,
Dostrovsky et al., GEM2, and B&P models. The yellow circles are experimental data
[65, 159, 118] and the blue squares are total charge-changing cross section (TCC)
measurements [160, 161].

calculation switches to Kalbach systematics, and uses the NASA model throughout
the rest of the neutron-energy range. The Kalbach systematics is scaled to match the
NASA model results at the switchpoint so as not to have a large jump.

As part of the Kalbach systematics implementation in CEMo3.03F, switchpoints
and scaling factors must be obtained for all possible residual nuclei, by mass number.

Ref. [97] provides tables of these.
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5.3.2 Emission Width, 1"]-, Calculation

CEM uses the inverse cross section, (7]?"“’, in determining what particles and/or frag-
ments are emitted from the excited nucleus. We use the total reaction cross section

as the best approximation for this inverse cross section. The emission width I';, or
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the probability of emitting fragment type j, is calculated according to Eq. (5.3). It is

dependent upon (7]?”0 (see more details in Refs. [1, 2, 19]).

E-Bj2s;+1
Ti(p,hE :/ -
](P ) ve 273

—1,h,E—B;—T .
w(p J )T(va(T)dT , (5.3)

uiR(p,h) W, E) ;

where

p is number of particle excitons;

h is number of hole excitons;

E is internal energy of the excited nucleus (sometimes referred to as U);
S is the spin of the emitted particle j;

#; is the reduced mass of the emitted particle j;

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

B; is the binding energy;

V]-C is the Coulomb barrier;

T is the kinetic energy of the emitted particle j;

cT;”U is the inverse cross section; and

R creates zero probability of emission if the number of particle excitons is less than

the number of nucleons of particle ;.

Eq. (5.3) is written in its simplest form, as is valid for neutrons and protons only. An
extension of Eq. (5.3) for the case of complex particles and light fragments (LF) is
described later on and in detail in Ref. [1].

In the “standard” (i.e., “old,” for this study) calculation by CEMo3.03, performed
with a FORTRAN routine called gamagu?2, therefore referred to below as “gamaguz,”
the Dostrovsky et al. form of the inverse cross section is simple enough so that for
neutrons and protons this integral can be done analytically. However, for complex
particles, the level density, w, becomes too complicated (see details in Refs. [1, 2,
19]), therefore the integral is evaluated numerically. In this case, a 6-point Gaussian
quadrature is used when the exciton number is 15 or less, and a 6-point Gauss-
Laguerre quadrature is used when the number of excitons is over 15. We will soon

see why the two different integration methods are needed.
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In our current calculations we adopt here for CEMo3.03F (performed with a FOR-
TRAN routine called gamagu3, hereafter referred to as “gamagu3”), the NASA form of
the cross section is too complicated and the integral is always calculated numerically.
We use an 8-point Gaussian quadrature when the number of excitons is 15 or less, and
an 8-point Gauss-Laguerre quadrature when the number of excitons is greater than
15.

The partial transmission probability A;, or the probability that a particle or a
fragment of the type j will be emitted with kinetic energy T, is equal to the integrand
of Eq. (5.3). For the emission of LF this is equal to

2si+1 w(p—pjhE—Bi—T)
Aipe B B T) =01 g 1P ) w(p,h, E) (5-4)
PO T Bi) i
gj
where
V(2p;)°
= 25+ 1T+ B2 5

See Ref. [162] for details on Eq. (5.5). For completeness sake, we write Eq. (5.4) (and
also Eq. (5.6) below in the text) in their “complete form,” as they should look in the
case of complex particles and LF, but not in their “simplest” version needed only for
nucleons as exemplified by Eq. (5.3). ; is the probability that the proper number of
particle excitons will coalesce to form a type j fragment (also called 4 in a number
of early publications; see, e.g., Refs. [163, 162, 164]). It is the subject of Chapter 6.

As an example, Fig. 5.9 shows A; for the emission of neutrons from a 198 Au excited
nucleus, with an internal nucleus energy U of 200 MeV, using either the Dostrovsky et
al. or NASA cross section. The top plot is for 55 excitons and the bottom plot is for 10
excitons. Notice that for high exciton number, A; becomes more concentrated in the
low-energy region. Table 5.1 displays the abscissas for an 8-point Gaussian and an 8-
point Gauss-Laguerre quadrature. For a small number of excitons (< 15) the Gaussian
quadrature performs adequately. However, we see that in the 55-exciton case the A;

becomes negligible by about 30 MeV, requiring a different integration method. For
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FIGURE 5.9: A; as a function of the kinetic energy of the emitted neutron, from an
excited 8 Au nucleus with U = 200 MeV and 55 excitons, 25 particle excitons, and 13
charged particle excitons (top plot) and 10 excitons, 6 particle excitons, and 3 charged
particle excitons (bottom plot).
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high-exciton number the Gauss-Laguerre integration method is a much better choice

than the simple Gaussian.

TABLE 5.1: 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

Fig. 5.10 shows a comparison of the simple Gaussian and Gauss-Laguerre quadra-
tures for 55 excitons. This figure also displays A; for the NASA-Kalbach cross section.
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 8-pt Gaussian quadrature and
the black dots are the 8-pt Gauss-Laguerre quadrature. The Gaussian was exception-
ally fortunate in that it struck the peak with its one low-end point. However, this leads
to significant overestimation of A; 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 A, 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, it must be fast as this integral is
calculated hundreds of times for every event, and therefore billions of times for a
typical simulation.

Fig. 5.11 shows the plots of I'; as a function of the internal energy of the ex-
cited nucleus for emitted neutrons, protons, and 4He from an excited 1?8 Au nucleus
with 55 excitons, 25 particle excitons, and 13 charged particle excitons. “Gamagu2”
shows the old CEMo3.03 I'; calculation results. “Gamagu3” shows the results of our
new calculations, using either the Dostrovsky et al. or NASA inverse cross sections.

Note that “Gamagu2” should be very similar to “Gamagu3-Dostrovsky” because the
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FIGURE 5.10: A; as a function of the kinetic energy of the emitted neutron, from an

excited 8 Au nucleus with U = 200 MeV and 55 excitons, 25 particle excitons, and 13
charged particle excitons.

only significant difference is the method of integration. The proton and neutron I';
differences between “Gamagu2” and “Gamagu3-Dostrovsky” arise from numerical
integration used in our new FORTRAN routine gamagu3 of CEMo3.03F versus an
analytical calculation used in the CEMo3.03 FORTRAN routine gamagu?.

Better integration methods could be investigated at a later time. However, current
integration methods are sufficient because individual I'; precision is not extremely
important for choosing what type of particle/LF j will be emitted. In contrast to

analytical preequilibrium models, the Monte Carlo method employed by our CEM



88

p, A=198, Z=79, n=55, p=25, pz=13

» n, A=198, Z=79, n=55, p=25, pz=13
T \

Gamagu2
= = = Gamagu3-Dostrovsky
> == Gamagu3-NASA

T T

Ll
T
I

A1l

T
\

T T
Ll

10° -
4 C |
10 E Gamagu2 ; [ i
E = = = Gamagu3-Dostrovsky | r —
r == Gamagu3-NASA-Kal — L
_4 | 4
-5 10
1055 1(‘)0 1\‘50 200 50 100 150 200
U (MeV) U (MeV)
» “He, A=198, Z=79, n=55, p=25, pz=13
107" -
F \ \ \ \ \ E
1072

Lol

r (102s™

107

Gamagu2
= = = Gamagu3-Dostrovsky
== Gamagu3-NASA

T
Ll

1

‘ | \ \ \
80 100 120 140 160 180 200
U (MeV)

FIGURE 5.11: I} as a function of the internal energy of the excited nucleus for

emitted neutrons, protons, and *He from an excited ' Au nucleus with 55 excitons,
25 particle excitons, and 13 charged particle excitons.

uses the ratios of I'; to the sum of I'; over all j. That is, if we estimate all T'; with
the same percentage error, the final choice of the type j of particle/LF to be emitted
as simulated by CEM would be the same as if we would calculate all T; exactly. We
think that this is the main reason why CEM provided quite reasonable results using
the old Dostrovsky et al. approximation for inverse cross sections, in spite of the fact
that, as we see from Figs. 5.3-5.8, individual inverse cross sections calculated with the
Dostrovsky et al. method are not good enough in a large range of energies. The ratios
I';/ ¥ ;(T'j) were probably estimated well enough, providing a reasonable Monte Carlo

sampling of ;.
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5.3.3 Kinetic Energy Simulation

Once a fragment type j has been chosen for emission, the kinetic energy of this
fragment needs to be determined. This is done by sampling the kinetic energy from

the A]- distribution. Our new /\j, with the NASA cross section, is:

2s;+1 w(p—pj/l,E-B;—T)
Ai(p, b, E, T) =v; 2 iR (p, h) w(p,h,E)
'IOIT B;
y w(p] + ])TT(}’(Z) (5.6)
8j
Br

x (A + AY? + 612 (1 = Recr) Xun(T).

cm

where g; is defined by Eq. (5.5) and

1
or = 1.855 + % —D[1— efT/T1] 0292 T/792 4
cm

0.91(Ar — 2Z1)Zp
ATAp ’

T
Am =1 = Xiexp (X1(1.2 T 1.6[1— exp(T/lS)])) + (57)
1.2(A}° + AY?)
Ten® '

Br =144ZpZt1/ (Tp +rr+

The detalils of rg, R, S, D, T1, rp, and r1 can be found in [116]. Note that the NASA
inverse cross sections contain dependences on both the lab-reference-frame kinetic
energy (T) and the center-of-momentum-reference-frame kinetic energy (T¢;). The
relativistic transformation between the two is not trivial. In addition, T is in units of
MeV /nucleon in the NASA inverse cross sections, while T,,, is in units of MeV. The
level density, w, also contains T-dependences, also in units of MeV. Finally, as noted
above, for neutrons we use a NASA-Kalbach (“hybrid”) inverse cross section in place
of the pure NASA approximation. To conclude, the energy-dependence of A; for our
new NASA-Kalbach inverse cross section approximation is very complicated, which
affects the method we chose to sample Tj, as discussed below.

To sample T; uniformly from the A; distribution using the Monte Carlo method,

we must first find the maximum of A;. In CEMo3.03, this is done analytically using the
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derivative of A; with respect to T}, due to the simple nature of the energy-dependence
in the systematics by Dostrovsky et al.. As previously explained, however, the NASA
cross section energy-dependence is extremely complicated and therefore we find the
maximum of A; numerically using the Golden Section method. This also provides
us flexibility in the future to modify A; without consequence to our kinetic energy
module.

After finding the maximum value of A}, the kinetic energy of the emitted fragment
j is uniformly sampled from the A; distribution using a Gamma distribution (shape
parameter « = 2) as the comparison function. Fig. 5.12 illustrates results for the
probability of emitting °Li with a given kinetic energy Tj;. Probabilities from the A;
distributions with the NASA inverse cross sections differ slightly from those with the
Dostrovsky et al. inverse cross sections primarily because the NASA coulomb barriers

are based on T, as opposed to T.

5.4 RESULTS

Our preliminary results are promising. Fig. 5.13 shows the double differential cross
section for the production of °Li and ”Be from the reaction 200 MeV p + *?Co. Notice
the improved agreement with data in the high-energy tails. This reaction also high-
lights the importance of eventually upgrading the inverse cross sections used in the
evaporation stage of CEM as well. The evaporation stage produces the peak of the
spectra, which for this reaction is too low, especially for Be. With the implementation
of the NASA inverse cross sections in the preequilibrium stage we see improved agree-
ment 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 sections in the
evaporation stage. We plan to do this in the future.

For another example of our results, Fig. 5.14 displays the double differential cross
section for the production of ®He and Li from the reaction 1200 MeV p + 7 Au. The
blue dashed lines are the expanded-MEM (i.e., CEMo03.03F) results with the Dostro-
vsky et al. inverse cross sections, and the red solid lines are results by CEMo3.03F with

the upgraded NASA-Kalbach (i.e., “hybrid”) inverse cross sections. The green circles
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FIGURE 5.12: The normalized probability of emitting °Li with a given kinetic
energy Tr;, simulated using the Monte Carlo method according to Eq. 5.6 in the
preequilibrium stage. The circles are results from the old kinetic energy subroutine;
the squares are results from the new kinetic energy subroutine using the Dostrovsky
et al. inverse cross section; the triangles are from the new kinetic energy subroutine
using the NASA inverse cross section.

are experimental data from Ref. [49]. We see an improved accuracy in the high-energy
tails of spectra calculated with the NASA inverse cross sections, although some of the

results are too hard and there is a dip in the spectra at 50-75 MeV. We would like
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FIGURE 5.13: 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 110° spectra (the lower sets) are shown unscaled, while the 9o°, 60°, 45°, and
20° spectra are scaled up by successive factors of 10, respectively. The blue dashed
lines are the expanded-MEM (i.e., CEMo03.03F) results with the Dostrovsky et al.
inverse cross sections, and the red solid lines are results by CEMo3.03F with the
upgraded NASA-Kalbach (i.e., “hybrid”) inverse cross sections. The green circles
are experimental data by Machner, et al [11].

to note a recent paper by A. Boudard et al. [41], which obtained very similar results
for 7Li using INCL4.6 + ABLAo7, and similar results for ®He but with a little lower

evaporation peak.

5.5 CONCLUSION

The inverse cross section approximation in the preequilibrium and evaporation stages
of CEMo3.03 is based on the Dostrovsky et al. inverse cross section model. Better
cross section systematics are available at present. We performed a comparison of
several inverse cross section models and determined that the NASA (Tripathi, et al.)
approximation is, in general, the most accurate when compared with experimental
data.

We implemented the NASA inverse cross section model into the preequilibrium
stage of CEMo3.03F. This included writing FORTRAN modules containing the NASA
total reaction cross section and coulomb barrier approximations, adding Kalbach sys-

tematics for low-energy neutron inverse cross sections, re-writing the I'; routines (in-
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FIGURE 5.14: Double differential cross section for the production of ®He and “Li
from the reaction 1200 MeV p + % Au, for the angles of 15.6°, 20°, 35°, 50°, 65°, 80°,
and 100°. The 100° spectra (the lower sets) are shown unscaled, while the 80°, 65°, etc.,
down to 15.6° spectra are scaled up by successive factors of 10, respectively. The blue
dashed lines are the expanded-MEM (i.e., CEMo03.03F) results with the Dostrovsky et
al. inverse cross sections, and the red solid lines are results by CEMo3.03F with the
upgraded NASA-Kalbach (i.e., “hybrid”) inverse cross sections. The green circles are
experimental data from Ref. [49].

cluding transforming them into modular FORTRAN), adding Gauss-Laguerre quadra-
ture for cases of high exciton number, and re-modeling the selection of particle or light
fragment kinetic energy. These technical improvements lead to greater flexibility and
robustness, and future upgrades can be made easily.

Our preliminary results are promising and indicate improved agreement with
experimental data using the NASA inverse cross section model versus the Dostrovsky
et al. approximation.

There are several implications of this work on MCNP6. CEMo3.03 is the default
event-generator in MCNP6 for high-energy collisions induced by nucleons, pions, and
gammas at energies up to several GeVs. Improvements to the CEM inverse cross

sections should, therefore, result in improved predictions of particle spectra and total
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production cross sections, especially above ~100 MeV and for fragments heavier than
“He, among other results.

MCNP6 uses the updated Barashenkov and Polanski total reaction cross section
systematics to simulate the mean-free path of neutrons, protons, and light fragments
up to “He. It uses a parameterization based on a geometric cross section for fragments
heavier than “He. Possible direct improvement of MCNP6 may be obtained by replac-
ing the Barashenkov and Polanski model with NASA systematics and by replacing
the geometric cross section approach with the better NASA model. We hope to do
this in the future.

Future recommendations include investigating adaptive quadrature and upgrad-
ing the inverse cross section model used in the evaporation stage to the NASA-

Kalbach (hybrid) cross sections.
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CHAPTER 6

PREEQUILIBRIUM —7; MODEL

Below are relevant publications that result from the author’s work pertaining to this

chapter.

* L.M. Kerby and S.G. Mashnik, A New Model for the Condensation Probability,
7j, in CEM, LANL Report, LA-UR-15-22370 (April 2015).

With the expansion of the preequilibrium model to allow emission of light frag-
ments up to 2’Mg complete, the implementation of the NASA-Kalbach total reaction
cross section into the preequilibrium stage inverse cross section, and the expansion
of the Coalescence Model, we turned our attention to recalibrating ;. This process
is long and involves the re-fitting of all available reliable experimental data. We con-
cluded this process for most available proton-induced and neutron-induced reactions.
Our results are encouraging.

The “condensation” probability, y;, is an important variable in the preequilibrium
stage of nuclear spallation reactions. It represents the probability that p; excited
nucleons (excitons) will “condense” to form complex particle type j in the excited
residual nucleus. It has a significant impact on the emission width, or probability of
emitting fragment type j from the residual nucleus [163, 165, 110]. This paper explores
the formulation of a new model for vy, one which is energy-dependent, and which

provides improved fits compared to experimental fragment spectra.

6.1 BACKGROUND

This y; Model is part of a larger project [166, 102, 96, 97, 64, 94, 95] aimed at
producing high-energy light fragments (LF) in nuclear spallation reactions simulated
with CEMo3.03 and LAQGSMo3.03 [3, 2], which are the default event generators
within MCNP6 [4] for high-energy nuclear reactions (> 150 MeV).

The preequilibrium interaction stage of nuclear reactions is considered by our

current CEM and LAQGSM in the framework of the latest version of the Modified
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Exciton Model (MEM) [15, 16] as described in Ref. [20]. At the preequilibrium stage of
a reaction, we take into account all possible nuclear transitions changing the number
of excitons n with A = +2, -2, and o, as well as all possible multiple subsequent
emissions of n, p, d, t, 3He, and *He, for the current version CEMo3.03. Our latest
upgrades, called version CEMo03.03F, include an expansion of the preequilibrium stage
to allow for emission of heavy clusters up to 2Mg. The corresponding system of
master equations describing the behavior of a nucleus at the preequilibrium stage is
solved by the Monte-Carlo technique [1].

Our new CEMo3.03F considers the possibility of fast heavy cluster emission at the
preequilibrium stage of a reaction in addition to the emission of nucleons and light
fragments up to *He. We assume that in the course of a reaction p; excited nucleons
(excitons) are able to condense with probability y; forming a complex particle which
can be emitted during the preequilibrium state. The “condensation” probability 7y;
can be calculated from first principles, but such a calculation is not feasible given our
Monte Carlo computation time limitations. Vi is, therefore, estimated as the overlap
integral of the wave function of independent nucleons with that of the complex

particle (see details in [1]):

7j 2 3 (pi/ AT (6.1)

This is a rather crude estimate. As is frequently done (see e.g., Refs. [162, 164]),
the values of +y; are taken from fitting the theoretical preequilibrium spectra to the
experimental ones. In CEM, to improve the description of preequilibrium complex-
particle emission, we estimate vy; by multiplying the estimate provided by Eq. 6.1 by an
empirical coefficient F]-(A, Z,Ty) whose values are fitted to available nucleon-induced
experimental complex-particle spectra. Therefore, our new equation for 7; with this

coefficient is shown in Eq. 6.2:

pi\"i!

Values of E for d, t, °He, and *He needed to be re-fit after our upgrades to the inverse

cross section and coalescence models; and new values of i needed to be obtained
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for heavy clusters, up to 22Mg, after we expanded preequilibrium emission to include
these heavy clusters.

Previously, 7; had been formulated with no energy dependence [163, 165, 167].
We accordingly expect energy to be the largest factor in our model for F;. Lastly, the
importance of 7Yj can be seen in the calculation of the emission width, l"j, for complex

fragments, represented by Eq. 6.3:

E-B; 2s;+1 w(p—pi,hE—B; —T)
Ti(p,h E :/ L Rk j j
](P ) ; Vi 27 Hj (p.h) w(p, 1, E) 6
.0, T+Bj) '
j

where:

p is number of particle excitons;

h is number of hole excitons;

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

B; is the binding energy of particle j;

V].C is Coulomb barrier of particle j;

7;j is probability that the proper number of particle excitons will coalesce to
form a type j fragment (also called yg in a number of early publications; see,
e.g., Refs. [163, 162, 164]);

S is the spin of the emitted particle j;

#; is the reduced mass of the emitted particle j;

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;

Oiqp 18 the inverse cross section.

The values for 1; directly impact the emission width, which in turn determines

the amount of fragment production.
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6.2 STATISTICAL ANALYSIS

An increase or decrease in F; generally leads to an increase or decrease in the emission
of fragment type j, especially in the high-energy tails. We fit these values of F; so
that our CEMo3.03F results matched experimental data as closely as possible. The F;
values we obtained, for several hundred reactions, are available in Appendix A. The
results for predicted fragment spectra using these F; fitted values were plotted against
experimental data and predicted results from the original CEMo3.03, for the several
hundred reactions we fit, and are available in [168]. We do not show them here to
conserve space.

With our data set complete, we can analyze it with the statistical programming
language R [169]. We first look at F; values for proton-induced reactions. Fig. 6.1 dis-
plays values of F; according to incident proton energy. Two effects become apparent in
this graph. First, F; appears to have an exponentially decreasing energy dependence.
This energy dependence makes sense considering the physics of nuclear reactions. We
consider in this F; Model the incident energy of the incoming proton, not the excitation
energy of the residual nucleus at the time of preequilibrium, and after a certain
incident energy we expect the residual nucleus energy to not change significantly
as the incident energy continues to increase: i.e., the amount of energy deposited
in the target nucleus reaches a saturating limit and increasing the incident proton
energy further does not lead to significantly greater residual nucleus energy. This
idea is analogous to “limiting fragmentation” [82, 170]. In addition, CEM accounts
for the IntraNuclear Cascade, preequilibrium, evaporation/fission, Fermi break-up,
and coalescence mechanisms of nuclear reactions, but does not account for pick-up
and knock-out reactions. Pick-up and knock-out mechanisms are especially important
at low energies, and therefore, the increase in F] at lower incident energies can be
attributed to “compensating” for these missing physics in CEM. Furthermore, CEM
does not account for some nuclear structure effects important at low energies, and for
some reactions, also at high energies. Lastly, CEM, just as any other model, is “only
a model,” and probably misses some other aspects of the physics. For these reasons,
we need to look at our “model” for y; in CEM philosophically, understanding that

in some energy/target-size regions, it does not have exactly the right meaning of the
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FIGURE 6.1: Values of F; according to incident proton energy (MeV).

condensation probability, but also contains a component to counterbalance physics
not accounted for in CEM.

The second effect we see from Fig. 6.1 are the “stacks” of [; values at each energy;
we will see that these correspond to different emitted fragment sizes, and therefore
F; is also dependent on the emitted fragment. Fig. 6.2 displays the incident-energy
dependence of F; for select emitted fragments individually. The “stacks” which occur
in Fig. 6.2 are largely attributable to varying target sizes.

Fig. 6.3 displays the F; values according to target atomic size. From this graph
there is no clear dependence on target mass number. However, we suspected that
if we separated out the energy dependence and fragment-size dependence, that we

could uncover a dependence on target mass number. We first plotted F; values by
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FIGURE 6.2: Values of F; according to incident proton energy (MeV), for emitted
fragments 4He, °Li, 8Li, and “Be.

both energy and target mass number (see Fig. 6.4). We zoomed in on F; values
< 1000, as there were some very large values for F; which made it difficult to see
any pattern. In Fig. 6.4 we can begin to see a target-size dependence, but it is still
somewhat obscured by including all different emitted fragment sizes. We also plotted
F; by target size for each emitted fragment type (see Fig. 6.5 for a few examples).
Interestingly, in these plots F; appears to decrease as target size increases, but we

must be careful because these results are largely obscured by including all different
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FIGURE 6.3: Values of F; according to the mass number of the target.

incident energies. We will see that incident energy is the dominate variable in F;, and
therefore by including all incident energies we cannot draw any conclusions about
variables of secondary importance. When we plot F; by both incident energy and
target size for each individual emitted fragment, we see a different pattern emerge:
namely that F; increases as target size increases (see Figs. 6.8-6.10).

We therefore have established that F; is dependent upon incident energy, target
size, and fragment size. We assume for mathematical simplicity that the dependencies
on incident energy and target size are separable, and that the target-size dependence

is not dependent upon fragment size.
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6.2.1  Fragment-Specific F;

As discussed in the previous section, we assume an F; Model can be obtained which

has the form of Eq 6.4.

To: Incident energy of projectile (MeV)
Aj: Mass number of emitted fragment type j
Z;: Atomic number of emitted fragment type j

Ay Mass number of target nucleus
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A simple exponential decay described g(A;) quite well. We developed it such that it
is valid for all A; < 300. A suitable model for f(To, Aj, Z;) proved more difficult to
obtain. All common distributions were tested and none of them were able to describe
both the low-energy and high-energy dependencies of F;. We therefore used one
function (an exponential decay) to describe the low-energy dependence and a second
function (a 1/Ty term) to describe the high-energy dependence. For the 1/Tj term,

we added 100 to the denominator to ensure no singularities (code crashes) in our
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range of conceivable energies. These two different energy dependencies make sense
considering our previous discussion about CEM lacking some important physics in
the low-energy region, and therefore our F; Model is “compensating” for missing
physics in that region, but in the higher-energy region CEM is reliable enough. We
also found that for light LF (*He and lighter), dependence on target size disappeared.
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Equations for specific fragment types are shown in Eq. 6.5:

Fa= 30+ nglfloo;

Fy = 20e" /20 + —T8~41-7|—5100;

Fipge = 20e~T0/20 %;

Fipy, = 100e 10720 %

Fopyp = {1.4e5eT0/20 + %}ew;

Fop; = |:4.0€5€_T0/20 + %] e 30(1)30At;

Fpi= {1.Oe6e_T°/20 + %1 e

Fsp; = [2.5666_T0/20 + %} e_%;
For; = [6.25666_T°/20 + %: e_so(iaoAt; (6.5)

Frg, = [1.0666_%/20 + %: e~

Fog, = :6.2566e_T0/ e %: e

Fuog, = :1.56e7e_T°/ 204 %: e

Fopg = :1.56e7eT0/20 + %: 6730(1)0_0&;

Fup = {3.9676_%/20 + %: e_sogaoAt}

Fop = [9.75873_T°/ e %: e

Fuoc = [9.75e7e—T0/ 204 TlZ& e

18 1100 ]
2.4e6 _300—4;

100

Fis~ = |2.44¢8¢ T0/20 L =777 1,
e [ 20+ 100
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Examples of several fits are shown in Figs. 6.6-6.10. More results are available

in [168].

6.2.2 Neutron-Induced Reactions

Having obtained a fragment-specific F; Model for proton-induced reactions, we turned
our attention to neutron-induced reactions. There is less experimental data available
for neutron-induced reactions, due to the difficulty of conducting these experiments.
There is also no experimental data on the emission of light fragments heavier than
“He, in an energy range of interest to us in this paper. Therefore, for light fragments
heavier than *He we use the fragment-specific F; Model we obtained for proton-
induced reactions as a “first guess.” Our F; equations for d, t, *He, and *He for
neutron-induced reactions are presented in Eq. 6.6, and are similar to the respective

F; equations obtained for these emitted fragments for proton-induced reactions.

Fy = —4.50To/20 1. %,‘

F = —6.75¢ T0/20 4 %; (6.6)
Fspyp = 30e~ 10720 4. %;

Fipy, = 500e~T0/20 4 %

Examples of two fits are shown in Figs. 6.11 and 6.12.

6.2.3  General F; Model

In studying the fragment-specific equations for F; in Eq. 6.5, a pattern quickly emerges.

Heavy clusters can be nicely generalized as approximately Eq. 6.7:

2(4)T 3004
_ S e, 6.
9% 4100 ¢7)

T:A]—(Z]—3)

Fi(To, Aj, Zj, Ar) = |7800(2.5)%ie~T0/20 4
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This general form is used for heavy clusters for which we do not have sufficient
data: 8He, 1112Bg, 813, 1011141516 and all fragments with Z > 7 (up to 28Mg).

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

For - and m-induced reactions, CEMo03.03 uses F] = 1 for emitted d, t, 3He, and
“He. We have followed this pattern in our model and use F; = 1 for all emitted

complex fragments, from deuterium to 2Mg, in 7— and 7-induced reactions.

6.3 COMPARISON OF SPECTRA WITH FITTED Fj VS. SPECTRA
WITH F]- MODEL

For the large majority of reactions tested here, the predicted fragment spectra using
the F; Model was very similar to the predicted fragment spectra using fitted F; values.
See Figs. 6.13-6.15 for plots comparing results from the F; Model with fitted F; values.
Many more comparisons can be found in [168]. Oftentimes the F; Model resulted in
slightly “softer” spectra (i.e., °Li spectra from 200 MeV p + 7 Au, in Fig. 6.14), which
was usually an improved match to experimental data than the F; fitted values.

There were a handful of reactions for which the predicted spectra of a few partic-
ular fragment types varied significantly: for the emission of heavier clusters (A > 8)
from reactions with low incident energies and heavy targets. For an example of
this, see the spectra of 8Li in Fig. 6.14. While the discrepancy is significant, it is
not always negative, as sometimes the fitted values were “overfit.” We believe this
difference is due to several factors. First, our expanded Coalescence Model emits
heavy clusters up to A = 7; this leads to a “jump” in fitted F; values for emitted heavy
clusters with A > 7 as it is “compensating” for the lack of coalescence emission,
compared to those with A < 7. However, as our F] Model is a “smooth” model it
cannot completely account for this jump. We expect that expanding our Coalescence

Model further will ease this effect. In addition, while we assumed for simplicity that
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the target-size dependence was independent of the fragment size and the incident
energy, this is not strictly the case. The target-size dependence did, in fact, become
more pronounced with increasing fragment size. We excluded target-size dependence
from emitted “He and lighter, and included this term for heavier clusters, to partially
account for this. However, the greater our fragment size the less valid this “constant”
target-size dependence becomes. Lastly, we found that the target-size dependence
also varied across the incident energy (also contrary to our assumption), becoming
sharper at lower incident energies and flatter at higher incident energies. Thus, at
low incident energies on heavy targets and looking at the emission of heavier clusters,
we expect a “perfect storm” of factors to create significant discrepancy between our
F; Model and fitted values. However, as noted previously, this discrepancy is not

always negative as sometimes it leads to either improved fit with experimental data

or a more natural spectra. Furthermore, the ®Li spectra of Fig. 6.14 demonstrate the
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need to also upgrade our evaporation model, as it primarily produces the peak of the

spectra, which is too low for this reaction. We hope to do this in the future.

6.4 CONCLUSION

While 1; can theoretically be calculated from first principles, this is too computation-
ally time-consuming. We therefore wish to obtain a y; Model that is both accurate and
computationally fast. Our F; Model (and therefore, v; Model) accomplishes both of
these: it is computationally simple and very fast, and it provides reasonably accurate
fragment spectra compared to experimental results.

Our <; Model is dependent upon incident projectile energy, target nucleus size,
and emitted fragment size. We found two different energy dependencies: one for
the low-energy region and a second for the higher-energy region. These energy
dependencies make sense considering the physics of nuclear reactions. We consider
in this F; Model the incident energy of the incoming proton, not the excitation energy
of the residual nucleus at the time of preequilibrium, and after a certain incident
energy we expect the residual nucleus energy to not change significantly as the
incident energy continues to increase: i.e., the amount of energy deposited in the
target nucleus reaches a saturating limit and increasing the incident proton energy
further does not lead to significantly greater residual nucleus energy. This idea
is analogous to “limiting fragmentation” [82, 170]. In addition, CEM accounts for
the IntraNuclear Cascade, preequilibrium, evaporation/fission, Fermi break-up, and
coalescence mechanisms of nuclear reactions, but does not account for pick-up and
knock-out reactions. Pick-up and knock-out mechanisms are especially important
at low energies, and therefore, the increase in F] at lower incident energies can be
attributed to “compensating” for these missing physics in CEM. Furthermore, CEM
does not account for some nuclear structure effects important at low energies, and for
some reactions, also at high energies. Lastly, CEM, just as any other model, is “only
a model,” and probably misses some other aspects of the physics. For these reasons,
we need to look at our “model” for vy; in CEM philosophically, understanding that

in some energy/target-size regions, it does not have exactly the right meaning of the
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condensation probability, but also contains a component to counterbalance physics
not accounted for in CEM.

This 7; Model is specifically designed for use in CEM, taking into account the
reaction mechanisms used (or not used) in CEM. However, this model could be useful
in other nuclear spallation codes and models, especially for heavy cluster production.

In conclusion, our new 7; Model provides better agreement with experimental
data than the old interpolation fits used in CEMo3.03, especially for heavy-cluster
spectra. We plan to apply this to LAQGSM as well, and implement the new model
within MCNP6.
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CHAPTER 7

TESTING THE PREDICTIVE POWER OF CEMo03.03F

Below are relevant publications that result from the author’s work pertaining to this

chapter.

¢ L.M. Kerby and S.G. Mashnik, A New Model for the Condensation Probability,
7v;j, in CEM, LANL Report, LA-UR-15-22370 (April 2015);

¢ S. G. Mashnik and L. M. Kerby, MCNP6 Simulation of Light and Medium
Nuclei Fragmentation at Intermediate Energies, LA-UR-15-22811, Los Alamos
(2015), talk presented at the 12th International Conference on Nucleus-Nucleus

Collisions (NN2015), 2015-06-21/2015-06-26 (Catania, Italy);

¢ S. G. Mashnik, L. M. Kerby, and K. K. Gudima, Fragmentation of Light Nuclei
at Intermediate Energies Simulated with MCNP6, LA-UR-15-20953, Los Alamos
(2015), Invited Talk to be presented at the Fifth International Conference on
Nuclear Fragmentation "From Basic Research to Applications” (NUFRA2015),
2015-10-04/2015-10-11 (Antalya (Kemer), Turkey).

Results of our “F” version of CEMo3.03, called CEMo3.03F, are shown in this
chapter, and are compared to the original CEMo3.03 and experimental results. The
most important test of CEMo3.03F are of its predictions for reactions we did not
use in our fitting or previously consider in our upgrades. These results are shown in
Sections 7.3 and 7.4. We see that CEMo03.03F performs well. To be clear, CEMo3.03F as
referred to in this chapter includes our expanded Modified Exciton Model, upgraded
NASA-Kalbach inverse cross sections within the preequilibrium stage, the expanded
Coalesence Model, and the new Vi Model. (We left the cut-off for Fermi breakup at
Arermi = 12.) For more details on these upgrades, see Refs [168, 166, 102, 96, 97, 64,

94, 95].
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7.1 FRAGMENT SPECTRA FOR PROTON-INDUCED REACTIONS

Double differential cross section spectra for several reactions are plotted in this section.
Figs. 7.1-7.17 compare experimental data with results by the unmodified CEMo3.03
(blue solid lines) and CEMo3.03F with the expanded Modified Exciton Model, up-
graded NASA-Kalbach inverse cross section (in the preequilibrium stage), expanded
Coalescence Model, and new F; Model (red dashed lines) for proton-induced reactions.
We see that our new CEMo3.03F, in general, has improved results over the unmodified
CEMo3.03, especially for heavy cluster spectra.

Fig. 7.1 displays our results for 190 MeV p + " Ag — °Li,”Be at 9o° with experimen-
tal data by Green, et al. [79]. This figure exemplifies the many dramatically improved
results achieved with CEMo3.03F, particularly for heavy clusters. This figure also
highlights the need to improve our evaporation model, as we see the peak of the
spectra is too low, and this peak is largely produced by evaporation. We hope to do
this work in the future.

Fig. 7.2 shows our results for 200 MeV p + Al — *°He at 60° with experimental
data by Machner, et al. [11]. The figure for *He spectra demonstrates that CEMo3.03F
achieves increased production of heavy clusters without “destroying” the established
spectra of nucleons and light fragments up to *He (in this particular case *He), but in
some cases it even achieves improved results for nucleons and light fragments up to
“He. For the spectra of ®He, we again see significant improvement with CEMo3.03F.

Fig. 7.3 illustrates our results for 200 MeV p + *?Co — 87Li at 60° with experimental
data by Machner, et al. [11]. This figure demonstrates results for the rare, neutron-
rich lithium isotopes 8Li. We see dramatic improvement in the production of high-
energy %°Li with CEMo3.03F. These results again highlight the need to improve our
evaporation model, as the low-energy peak (produced largely by evaporation) is too
low (see also Fig. 7.1).

Figs. 7.4 and 7.5 display our results for 200 MeV p + 1 Au — °Li,’Be at 45° with
experimental data by Machner, et al. [11]. These figures show not only dramatically
improved heavy cluster production at high energies, but also improved production at

relatively low energies around the peak. We believe this is due to the heavy target
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dashed lines) for 190 MeV p + " Ag — °Li,’Be at 90°.
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F1GURE 7.2: Comparison of experimental data by Machner, et al. [11] (green circles)
with results by the unmodified CEMo3.03 (blue solid lines) and new CEMo3.03F (red
dashed lines) for 200 MeV p + %’ Al — “He at 60°.
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(gold) and therefore an increased ability to produce these low-energy heavy clusters
from both our expanded Coalescence model and expanded MEM.

Fig. 7.6 shows our results for 480 MeV p + " Ag — 7Li,”Be at 40° with experimental
data by Green, et al. [103]. We see that CEMo03.03F produces significantly improved
results and matches the data reasonably well. Fig. 7.7 plots spectra of ®Li and includes
a version of CEMo3.03F without the Coalescence expansion (green dash-dotted lines).
This reaction illustrates how the coalescence can produce heavy clusters not just of
high-energy, but also of low- and moderate-energy, thus improving agreement with

experimental data in these energy regions as well.
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F1GURE 7.5: Comparison of experimental data by Machner, et al. [11] (green circles)
with results by the unmodified CEMo3.03 (blue solid lines) and new CEMo3.03F (red
dashed lines) for 200 MeV p + 7 Au — 7Be at 45°.

Fig. 7.8 displays our results for 500 MeV p + *Ni — p with experimental data
by Roy, et al. [173]. This figure further illustrates that CEMo3.03F achieves increased
production of heavy clusters without “destroying” the established spectra of nucleons
and light fragments up to *He (in this particular case protons).

Fig. 7.9 displays our results for 660 MeV p + ®Ni — 4He at 9o° with experimental
data by Bogatin, et al. [174]. This figure again demonstrates that CEMo3.03F achieves
increased production of heavy clusters without “destroying” the established spectra
of nucleons and light fragments up to *He (in this particular case *He), but in some

cases it even achieves improved results for nucleons and light fragments up to *He.
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dashed lines) for 480 MeV p + " Ag — 7Li,”Be at 40°.
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dashed lines) for 480 MeV p + " Ag — SLi at 60°.

Fig. 7.10 demonstrates our results for 1200 MeV p + ™Ni — p,Li at 65° with
experimental data by Budzanowski, et al. [50]. The proton spectra again illustrate
that CEMo3.03F achieves increased production of heavy clusters without “destroying”
the established spectra of nucleons and light fragments up to *He (in this particular
case protons). The spectra of °Li again show markedly improved production of heavy
clusters at mid and high energies.

Fig. 7.11 shows our results for 1200 MeV p + "™ Ni — “Li at 15.6° with experi-
mental data by Budzanowski, et al. [50]. We again see that CEMo3.03F matches the
experimental data significantly better than the original CEMo3.03.
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Ficure 7.8: Comparison of experimental data by Roy, et al. [173] (symbols) with
results by the unmodified CEMo3.03 (blue solid lines) and new CEMo3.03F (red
dashed lines) for 500 MeV p + ®Ni — p.

Fig. 7.12 displays our results for 1200 MeV p + 7Au — °Li,’Be at 20° with
experimental data by Budzanowski, et al. [49]. Again CEMo3.03F demonstrates
dramatically increased production of heavy clusters in the mid- and high-energy
regions compared to the original CEMo3.03.

Fig. 7.13 illustrates our results for 1200 MeV p + 17 Au — ®He at 35° with exper-
imental data by Budzanowski, et al. [49]. This figure provides an example of our
improved results for *He spectra.

Fig. 7.14 demonstrates our results for 2500 MeV p + ™Ni — t,”Be at 100° and
65°, respectively, with experimental data by Budzanowski, et al. [50]. The triton spec-
tra again illustrate that CEMo3.03F achieves increased production of heavy clusters

without “destroying” the established spectra of nucleons and light fragments up to
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dashed lines) for 660 MeV p + *Ni — *He at 90°.

“He (in this particular case tritons). The “Be spectra show increased production of
heavy clusters, and sometimes in the case of high incident energy, a little too much
production from our Coalescence model. We hope to remedy this in the future in
creating both a more expanded Coalescence model (which can coalesce fragments
heavier than A = 7 which we expanded to in this work) and a model which is
smoothly dependent upon incident energy.

Fig. 7.15 displays our results for 2500 MeV p + "Ni — 7Li at 100° with experimen-
tal data by Budzanowski, et al. [50]. We see again dramatically improved results for

energetic heavy cluster production with our CEMo3.03F.
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FiGure 7.10: Comparison of experimental data by Budzanowski, et al.
(green circles) with results by the unmodified CEMo3.03 (blue solid lines) and new
CEMo3.03F (red dashed lines) for 1200 MeV p + "Ni — p,°Li at 65°.
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(green circles) with results by the unmodified CEMo3.03 (blue solid lines) and new
CEMo3.03F (red dashed lines) for 1200 MeV p + "Ni — “Li at 15.6°.

Fig. 7.16 shows our results for 2500 MeV p + Au — 7Li, ?Be at 50° and 15.6°,
respectively, with experimental data by Bubak, et al. [51]. This figure, combined
with Fig. 7.17, provide examples of our results from CEMo3.03F for rare, neutron-rich,
isotopes of lithium and berrylium. CEMo3.03F produces improved results compared

to the unmodified CEMo3.03.
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7.2 FRAGMENT SPECTRA FOR NEUTRON-INDUCED REACTIONS

Figs. 7.18-7.20 compare examples of experimental data with results by the unmodified
CEMo3.03 (blue solid lines) and CEMo3.03F with the expanded Modified Exciton
Model, upgraded NASA-Kalbach inverse cross section (in the preequilibrium stage),
expanded Coalescence Model, and new F; Model (red dashed lines) for neutron-
induced reactions. We see here that our new CEMo3.03F generally has little effect
upon the spectra of emitted fragments up to *He, and as there is no experimental
data for emitted heavy clusters heavier than *He, we cannot compare our improved
models. However, we see that our upgraded CEMo3.03F gives results that are “no
worse” than the current CEMo3.03.

Fig. 7.18 displays our results for 96 MeV n + U — p,*He at 20° with experimental
data by Blideanu, et al. [164]. This figure provides examples of the consistency
between results from CEMo3.03F and CEMo3.03 for nucleons and light fragments
equal to “He and lighter.

Fig. 7.19 shows our results for 317 MeV n + ?Bi — d,t at 54° with experimental
data by Franz, et al. [1771]. This figure again illustrates that our improved production
of heavy clusters in CEMo3.03F does not “destroy” the spectra of complex particles
and light fragments equal to “He and lighter.

Fig. 7.20 shows our results for 542 MeV n + " Cu — t,°Li at 68° with experimental
data by Franz, et al. [171]. This figure again demonstrates that our new CEMo3.03F
produces more energetic heavy clusters while remaining consistent in the production
of nucleons and light fragments equal to “He and lighter. The °Li spectra provide
a “first guess” for the production of heavy clusters from neutron-induced reactions.
We hope to be able to compare our predictions to experimental data of heavy-cluster
spectra from neutron-induced reactions in the future.

Fig. 7.21 shows our results for 562.5 MeV n + "Cu — 7" with experimental data
by Brooks, et al. [179]. This figure shows that our improved production of heavy

clusters in CEMo3.03F does not “destroy” the spectra of pions.
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FiGure 7.18: Comparison of experimental data by Blideanu, et al. [164] (green
circles) with results by the unmodified CEMo3.03 (blue solid lines) and new
CEMOo3.03F (red dashed lines) for 96 MeV n + U — p,*He at 20°.
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FIGURE 7.20: Comparison of experimental data by Franz, et al. [171] (green circles)
with results by the unmodified CEMo3.03 (blue solid lines) and new CEMo3.03F (red
dashed lines) for 542 MeV n + " Cu — t,°Li at 68°.
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7.3 FRAGMENT SPECTRA FROM y- AND 7T-INDUCED REACTIONS

Figs. 7.22—7.23 compare examples of experimental data with results by the unmodified
CEMo3.03 (blue solid lines) and CEMo3.03F with the expanded Modified Exciton
Model, upgraded NASA-Kalbach inverse cross section (in the preequilibrium stage),
expanded Coalescence Model, and new F; Model (red dashed lines) for - and 7-
induced reaction. We see here that our new CEMo3.03F generally has little effect
upon the spectra of emitted fragments up to *He, and as there is no appropriate
experimental data for emitted heavy clusters heavier than *He, we cannot compare
our improved models. However, we see that our upgraded CEMo3.03F gives results
that are “no worse” than the current CEMo3.03, while also producing mid- and high-

energy heavy clusters.
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symbols) with results by the unmodified CEMo3.03 (blue solid lines) and new
CEMOo3.03F (red dashed lines) for 1500 MeV 71+ + "Fe — n at 30°, 90°, and 150°.

Fig. 7.22 shows our results for 300 MeV 7 + " Cu — p at 45°, 90°, and 135° with
experimental data by Schumacher, et al. [180]. This figure provides another example
of the consistency between CEMo03.03F and CEMo03.03 for spectra of *He and lighter
for y-induced reactions.

Fig. 7.23 shows our results for 1500 MeV 71t + "Fe — n at 30°, 90°, and 150° with
experimental data by Nakamoto, et al. [181]. This figure provides an example of
the consistency between CEMo3.03F and CEMo3.03 for spectra of *He and lighter for
rt-induced reactions.

Fig. 7.24 shows our results for 500 MeV 71~ + #*Cu — 7¥ at 30°, 50°, and 70° with

experimental data [182, 183]. This figure provides another example of the consistency



10

=
o
N

|
o
[N

=
o
o

[N

d°o/dT/dQ (mb/MeV/sr)
H
oI

H
o|
N

=
oI
w

ET T T T T T T T T[T T T T T T T T T [ TT T T T T T T[T T T T T T[T TTTTTTT]
— - 64 0
- S500MeVm + Cu - 1 + .. '
| ® w«a‘-ﬁ‘:‘%“
s ‘ii'l'. SO0 :(-.'.'"“ v :
= R 0
N QU RS for o 7
. 1
: I..r'l|. rl, ] E
- '.lH “ Ij.'__fﬂ—‘}l_ T]
[ [} T ]
= ST
: ::Ai/'l IL/A- “"A, Lf‘le"‘z“-e: Do ‘; ‘.4__“ Aﬁ %‘f’: " [ 1 4]
N /A TN I
= 3 JAV"A A'A
= O 30degx10 A
— Il A .
- O 50degx10° RAR .
= A 70degx 10 _l =
= — CEMO03.03 - 3
— — - CEMO03.03F | 7
EEEEEEEEENEEEN] EERE NN NN NN R NN NS RN R RN
0 100 200 300 400 500
T (MeV)

146

F1GURE 7.24: Comparison of experimental data [182, 183] (filled symbols) with
results by the unmodified CEMo3.03 (blue solid lines) and new CEMo3.03F (red
dashed lines) for 500 MeV 71~ + %4Cu — 7% at 30°, 50°, and 70°.

between CEMo03.03F and CEMo3.03 for spectra of *He and lighter for m-induced

reactions.
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7.4 PRODUCT YIELDS

Fig. 7.25 shows the measured [184] mass and charge distributions of the product
yields from the reaction 800 MeV p + ¥Au, and of the mean kinetic energy of
these products, and the mass distributions of the cross sections for the production
of thirteen elements with the charge Z from 20 to 8o (open symbols), compared with
predicted results from the original CEMo3.03 (solid lines) and the new CEMo3.03F
(dashed lines). We see that our new CEMo3.03F has maintained consistency with
CEMo3.03 on these measures.

Fig. 7.26 displays experimental mass distributions of the yields of eight isotopes
from Na to Mn [185] and of all light fragments from Li to O [186] from the reac-
tion 1 GeV p + *°Fe and the mass number- and charge-distributions of the product
yield compared with results from both CEMo3.03 and CEMo3.03F. Predictions of
CEMo3.03/F for the mean kinetic energy, mean production angle ®, mean parallel
velocity v,, and of the F/B ratio of the forward product cross sections to the backward
ones of all isotopes in the laboratory system are given as well. We see that for the
mass and charge distributions of product yields, CEMo3.03 and CEMo3.03F are very
similar, but there is a significant difference between CEMo3.03 and CEM.o3F in the
mean angle, v,, and F/B distributions by charge number. This can be understood
by the increase in coalescence of lithium and berrylium-we expect a more forward-
peaked production of these fragments with the expansion of coalescence to include
them. However, we would like to investigate and test this further.

Fig. 7.27 shows the measured [187] mass and charge distributions of the product
yields from the reaction 1000 MeV p + U, and of the mean kinetic energy of these
products, with results by the unmodified CEMo3.03 and new CEMo3.03F. This figure
illustrates that the CEMo3.03F version of CEM describes these types of reactions not
worse, and often better, than the standard CEMo3.03.

Fig. 7.28 shows the measured [188, 189] fission cross sections for n + Bi, with results
by the unmodified CEMo3.03 and new CEMo3.03F. CEMo3.03F agrees reasonably well
with these new data on n + Bi fission cross sections, and even shows an improvement
around energies of 100 MeV. But, because "F" considers emission of LF at the preequi-

librium stage, the mean values of A, Z, and E of the fissioning nuclei differ a little from
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FIGURE 7.25: Comparison of measured [184] mass and charge distributions of the
product yields from the reaction 800 MeV p + 17 Au, and of the mean kinetic energy
of these products, and the mass distributions of the cross sections for the production
of thirteen elements with the charge Z from 20 to 8o (open symbols), with predicted
results from the original CEMo3.03 (solid lines) and the new CEMo3.03F (dashed

lines).
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F1GURE 7.26: Experimental mass distributions of the yields of eight isotopes from
Na to Mn [185] and of all light fragments from Li to O [186] from the reaction 1 GeV
p + °°Fe and the mass number- and charge-distributions of the product yield (color
circles), compared with results from both CEMo3.03 and CEMo3.03F. Predictions of
CEMo3.03/F for the mean kinetic energy, mean production angle ®, mean parallel
velocity v,, and of the F/B ratio of the forward product cross sections to the backward
ones of all isotopes in the laboratory system are given as well.
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such values by CEMo3.03, therefore, to improve the description of fission cross section,
and of the yield of fission fragments, a refitting of the a;/a, parameter in CEMo3.03F
would be desirable. All details on the RAL and GEM2 codes and all formulas used
by them to calculate oy can be found in Refs. [190, 191]. Let us mention here only that
in the case of subactinide nuclei, the main parameter that determines the fission cross
sections calculated by GEM2 is the level-density parameter in the fission channel, a¢
(or more exactly, the ratio a f/ a,, where a, is the level-density parameter for neutron
evaporation). Such a work on improving the fission model of CEMo3.03F is outside
the aim of the present thesis, but we plan to perform such a work at a later time, as a

separate project on improving further CEMo3.03F.



151

=
o
N

O CERN Nn_TOF exp. data, 2011
¢ PNPI, Fomichev exp. data, 2004

Fission cross section (mb)
H
o

— CEMO03.03
1 - = CEMO03.03F
107 E
= L1l I I L1 1l 3
100 1000
T (MeV)

FIGURE 7.28: Comparison of measured [188, 189] fission cross sections for n +
Bi (symbols), with results by the unmodified CEMo3.03 (red solid lines) and new
CEMos3.03F (blue dashed lines).



152

7.5 COMPUTATION TIME CONSIDERATIONS

As CEMo3.03 is the default event generator within MCNP6, we care about its ability
to run simulations quickly. We tested the impact of our upgrades on computation
time with each incremental upgrade, and found either no significant increase or a

small increase in computation time. We wish to test the cumulative effect of all of our

upgrades on computation time, and address these concerns in this section.

TABLE 7.1: Computation Times for CEMo3.03 and CEMo3.03F

Reaction # Events | CEMo3.03 | CEMo03.03F | % Increase

61 MeV p + " Fe | 10 Million | 27.92 min | 48.15 min +72.5%
190 MeV p + " Ag | 10 Million | 41.93 min | 75.82 min +80.8%
200 MeV p + Al | 10 Million | 21.01 min | 28.62 min +36.2%
480 MeV p + "t Ag | 10 Million | 85.75 min | 123.6 min +44.1%
1200 MeV p + 7 Au | 10 Million | 349.1 min | 458.9 min +31.5%
2500 MeV p + "Ni | 10 Million | 176.2 min | 216.4 min +22.8%
Total: | 701.9 min | 951.5 min +35.6%

Adding all of our upgrades increases the computation time by approximately
one-third, depending upon the incident energy and target nucleus. Considering the
comprehensive nature of our upgrades, and the dramatic improvements made to the
production of heavy clusters, this is a small increase.

If the production of energetic heavy clusters is not needed, the variable npreqtyp in
the input file can be set to 6 (only up to “He) instead of 66 (up to 28Mg). A similar flag
could be created to use or not use the expanded Coalescence model. Such features
would eliminate most of the computational increase of CEMo3.03F. The upgraded
NASA-Kalbach inverse cross section model and the new <y; model would remain

implemented, but these require little extra computational effort.

7.6 CONCLUSIONS

Our goal of producing energetic light fragments with a new version of CEMo3.03,
called “CEMo3.03F,” has been successfully accomplished with our expansions to the

Modified Exciton Model (MEM) and the Coalescence Model. We further improved

our results by upgrading our inverse cross section model in the preequilibrium stage
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to the NASA-Kalbach hybrid model. We also created a model for y; which affords us
greater flexibility and predictability, as well as being physically “smoother.”

We have tested CEMo3.03F on many proton-, neutron-, gamma-, and pion-induced
reactions and have found, in general, better or “no worse” results compared to the
standard CEMo3.03. In the case of heavy cluster production the results of CEMo3.03F
generally far outperform CEMo3.03. The increase in computation time for CEMo3.03F
is reasonable (about one-third longer).

Our recommendations for future work include upgrading the evaporation model
used in CEM, including implementing the NASA-Kalbach inverse cross section into
the evaporation stage. We also recommend expanding the Coalescence model further

to include fragments with A > 8.
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CHAPTER 8

IMPLEMENTATION WITHIN MCNP6

Below is a relevant publication that results from the author’s work pertaining to this

chapter.

e L. M. Kerby, S. G. Mashnik, and J. S. Bull, GENXS Expansion to Include Frag-
ment Spectra of Heavy Ions, LANL Report, LA-UR-15-24006 (May 2015).

MCNP6 (Monte Carlo N-Particle transport code, version 6) [4] is a general-purpose,
continuous-energy, generalized-geometry, time-dependent, Monte Carlo radiation-transport
code designed to track many particle types over broad ranges of energies. Application

areas include, but are not limited to:
¢ Radiation protection and dosimetry;
¢ Radiation shielding;
¢ Radiography;
* Nuclear criticality safety;
® Detector design and analysis;
* Nuclear oil well logging;
¢ Fission and fusion reactor design;
¢ Decontamination and decommissioning;

* Design of accelerator spallation targets, particularly for neutron scattering facil-

ities;

¢ Investigations for accelerator isotope production and destruction programs, in-

cluding the transmutation of nuclear waste;

* Research into accelerator-driven energy sources;
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* Activation of accelerator components and surrounding groundwater and air;
¢ High-energy dosimetry and neutron detection;
* Medical physics, especially proton and neutron therapy;

* Investigations of cosmic-ray radiation backgrounds and shielding for high alti-

tude aircraft and spacecraft;

¢ Single-event upset in semiconductors from cosmic rays in spacecraft or from the

neutron component on the earth’s surface;
* Analysis of cosmo-chemistry experiments, such as Mars Odyssey;
* Charged-particle propulsion concepts for spaceflight;

¢ Investigation of fully coupled neutron and charged-particle transport for lower-

energy applications;
¢ Transmutation, activation, and burnup in reactor and other systems;
* Nuclear safeguards;
¢ Nuclear material detection;
* Design of neutrino experiments.

The culmination of our work is the implementation of our heavy-ion upgrades in

CEM into the MCNP6 transport code.

8.1 EXPANDED GENXS OPTION

The GENXS option allows for various cross sections to be tallied in MCNP6 (see
Ref. [192] for details). Previously, double differential cross sections (cross section
per emitted fragment energy and angle) were only available for fragments up to
“He. Thus, a necessary first step in implementing our improvements from CEM into
MCNP6 included expanding the ability of MCNP6 to output production cross sections
of heavy clusters. This GENXS upgrade accomplishes this and includes the ability
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to tally and output double differential cross sections for any heavy ion (with valid
ZAID). It also includes the ability to tally and output angle-integrated cross sections
per emitted fragment energy and energy-integrated cross sections per emitted angle,

for any ZAID.

8.1.1 MCNP6 and GENXS Example Input Files

A sample MCNP6 input using GENXS is displayed below:
MCNP6 test: Spectra from 200 MeV p + Al27 by CEM03.03
1110-12-3

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

304

c
1cz40
2pz-1.0
3pz1.0
4 so0 50.0

c
m1 13027 1.0

sdef erg=200 par=H dir=1 pos=000vec 00 1
imp:h 110

phys:h 300

mode h n a #

LCA 8j 1 $ use CEMO03.03

tropt genxs inxcp200al nreact on nescat off

c
print 40 110 95
nps 10000000
prdmp 2j -1
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This example simulates the nuclear spallation reaction of 200 MeV protons striking
27 Al. Note that in order to tally double differential cross sections of heavy ions, heavy
ions (#) must be added to the MODE card. As explained in [192], the GENXS card
requires a second input file. The line

tropt genxs inxcp200al nreact on nescat off

specifies the use of GENXS and the name of the second, auxiliary MCNP6 input file
required by GENXS (called inxcp200al in this example). The file inxcp200al appears

below:

MCNPG6 test: p, d, t, LF spectra from 200 MeV p + Al27 by CEM03.03
111/

Cross Section Edit

72-1115 /

5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65. 70. 75. 80.

85. 90. 95. 100. 120. /

155. 145. 115. 105. 95. 85. 55. 45. 25. 15. 0. /

15 21 22 23 24 2006 3006 3007 3008 3009 4007 4009 4010 5010 /

See Ref. [192] for a full explanation of the GENXS input file. Note that the last line,
1521 22 23 24 2006 3006 3007 3008 3009 4007 4009 4010 5010 /

contains the particle types to be tallied and output. Numbers 1 — 24 refer to the
MCNP6 particle types, as used in the previous GENXS version. With this expansion,
heavy ions may now be tallied, according to their ZAID (Z % 1000 + A). Therefore,
numbers > 1000 refer to the ZAID of a particular heavy ion. As an example, this
GENXS input instructs MCNP6 to tally

152122 23 24 2006 3006 3007 3008 3009 4007 4009 4010 5010

npd t 3He*He ®He °Li 7Li 8Li °Li 7Be °Be 'Be 19B.

Fig. 8.1 displays an excerpt of the double differential cross section portion of the
MCNP6 output file for ®Li (ZAID=3006). Note that instead of showing “mu max” for

the emission direction, GENXS now outputs the angles in “degrees+/-spread”. We
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Double differential cross section output from MCNP6 using GENXS for

the reaction 200 MeV p + % Al, with angle- and/or energy-integrated cross sections

also calculated.

FiGURE 8.1
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F1GURE 8.2: Comparison of emitted *He and °Li angle-integrated fragment spectra
for the reaction 200 MeV p + ?’Al, calculated by MCNP6 (red dashed lines) and
CEMo3.03 (blue solid lines).

believe this will be easier and more intuitive for users, and help avoid user error and
misinterpretation. Angle-integrated spectra and energy-integrated spectra are also
calculated, as well as the total angle- and energy-integrated production cross section.

Figs 8.2 and 8.3 show plots of the example spectra from MCNP6 compared to
results by CEMo3.03, for the reaction 200 MeV p + 2 Al. The results between MCNP6
and CEMo3.03 are consistent. In addition, other “test” reactions studied revealed the
expected consistency between MCNP6 and CEMo3.03.

The MCTAL tallies have also been updated so that angle-integrated cross section
spectra of specified heavy ions may be viewed from within mcplot, similar to how
specified nucleons and light fragments were viewed in the previous version of GENXS
(see Fig. 8.4).

Lastly, up to 50 heavy ions can be tallied. This limit is according to the parameter,

heavymax, in xs_mod.F90, and can be easily altered in subsequent versions.
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F1GURrE 8.3: Comparison of emitted °Li double differential spectra for the reaction
200 MeV p + 27 Al, at an emission angle of 20°, calculated by MCNP6 (red dashed
lines) and CEMo3.03 (blue solid lines).

8.1.2 Further Tests

We additionally tested this GENXS heavy-ion expansion with several different event
generators (CEMo3.03, Bertini+Dresner+RAL, INCL+ABLA, and LAQGSMo3.03). Re-
sults of this test appear in Fig. 8.5. Results are as we expect.

Furthermore, we tested MCNP6 with the GENXS heavy-ion expansion on a nucleus-
induced reaction using the LAQGSMo3.03 event generator. Results of this simulation
compared with experimental data are seen in Fig. 8.6. Similar results were found in

Example 6.5 of the MPI Testing Primer [63].
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F1GURE 8.4: Example of MCTAL production cross section plot for 1B for the reaction
200 MeV p + 77 Al

We also tested our GENXS expansion running MPI, as well as with the 1400+ test
suite. We conclude that this expansion works as expected across several different

event generators and for both nucleon- and nucleus-induced reactions.

8.2 MCNP6 IMPLEMENTATION

The CEMo3.03F heavy-ion upgrades discussed in this work were implemented into
a working version of MCNP6, which we call “MCNP6-F”. Two of our upgrades are
always implemented in our MCNP6-F model: the upgraded, NASA-Kalbach, inverse
cross sections in the preequilibruim stage, and the new energy-dependent 7; Model.
The other two upgrades (expansion of preequilibrium emission to Mg, and the

expansion of the Coalescence Model to 7Be), both of which increase computation
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lines), with Bertini (red dashed lines), with LAQGSMo3.03 (purple dash-dotted lines),
and with INCL-ABLA (green dotted lines), all run with the GENXS expansion for
heavy ions discussed in this paper.
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MCNP6 with LAQGSMo3.03 with this GENXS heavy-ion expansion (blue solid line),
compared to results by Heilbronn, et al (green points).

time, may be turned “off” if desired. A variable, called npreqtyp, was created to specify
the number of preequilibrium particles considered for emission. It is now the twelfth
option on the LCA Card. It's maximum (and default) value is 66, similar to the nevtype
variable used for the evaporation stage. See Table 4.1 for a list of the 66 particles
considered in the preequilibrium stage. In the old model, 6 preequilibrium particles
were considered, and therefore a value of npreqtyp=6 “turns off” the preequilibrium
expansion (and the coalescence expansion). The expanded Coalescence Model is
implemented for values of npreqtyp>6. MCNP6-F also includes the GENXS expansion.

Basic testing and verification of MCNP6-F has been completed and results are

presented in the following section. In addition, MPI testing has been completed. Upon
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further testing, we anticipate these upgrades being included in the next release of
MCNP6.

8.2.1 Results

Double differential cross section spectra for several reactions are plotted in this section.
Figs. 8.7-8.15 compare experimental data with results by CEMo3.03F (blue solid lines),
MCNP6-F with npreqtyp=66 (red dashed lines), and MCNP6 with the GENXS expan-
sion only (purple dash-dotted lines). MCNP6 with the GENXS expansion only does
not contain any of the four heavy-ion upgrades discussed in this work (but contains
the GENXS expansion so that we can output double differential cross sections for
light fragments). We see that our new MCNP6-F with the heavy-ion upgrades, in
general, has improved results over the unmodified MCNP6, with GENXS expansion
only, especially for heavy cluster spectra.

Fig. 8.7 shows our results for 200 MeV p + 2’ Al — “®He at 60°with experimental
data by Machner, et al. [11]. The figure for *He spectra demonstrates that MCNP6-F
not only achieves increased production of heavy clusters without “destroying” the
established spectra of nucleons and light fragments up to *He (in this particular case
“He), but in some cases it even achieves improved results for nucleons and light
fragments up to *He. For the spectra of ®He, we again see significant improvement
with MCNP6-F. The ®He spectra also highlight the need to improve our evaporation
model, as we see the peak of the spectra is too low, and this peak is largely produced
by evaporation. We hope to do this work in the future.

Figs. 8.8 and 8.9 display our results for 200 MeV p + 7 Au — °Li,”Be at 45°with
experimental data by Machner, et al. [11]. We expect our results from MCNP6-F
with npreqtyp=6 to be similar to MCNP6 with the GENXS expansion only, as the only
difference between the two is that MCNP6-F contains the improved inverse cross
sections and the ; Model. These two figures show not only dramatically improved
heavy cluster production at high energies, but also improved production at relatively
low energies around the peak. We believe this is due to the heavy target (gold) and
therefore an increased ability to produce these low-energy heavy clusters from both

our expanded Coalescence model and expanded preequilibrium.
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FiGcure 8.7: Comparison of experimental data by Machner, et al. [11] (green circles)
with results by CEMo3.03F (blue solid lines), MCNP6-F with npreqtyp=66 (red dashed
lines), and MCNP6 with the GENXS expansion only (purple dash-dotted lines) for
200 MeV p + 7 Al — *®He at 60°.
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GENXS expansion only (purple dotted lines) for 200 MeV p + %7 Au — °Li at 45°.

Fig. 8.10 shows our results for 480 MeV p + " Ag — ©Li at 60°with experimental
data by Green, et al. [103]. We see that MCNP6-F produces significantly improved
results and matches the data reasonably well.

Fig. 8.11 displays our results for 1200 MeV p + 7Au — p,°He at 20°with ex-
perimental data by Budzanowski, et al. [49]. The proton spectra again illustrate
that CEMo3.03F achieves increased production of heavy clusters without “destroying”
the established spectra of nucleons and light fragments up to *He (in this particular

case protons). The ®He spectra additionally evidence that MCNP6-F demonstrates



167

k3

0 E | | | | | -
— F :
M - ]
£ 200 MeV p + 'YAu— Be
=F}
2107 E
- = -
E ]
= - ]
S T ]
- -4
g 10 = IE
tn = =
tn - .
" - ]
=
g i i
o
E 10 = I =
£ F L.— =
[=F]
: . ]
= . B bachner, et al. ]
E 105 CEMO3.03F E
= E| — = — MCNPE-F w npregtyp=66 m
= | === MCNPE-F w/ npregtyp=6 -
= Tl MCNPE Wi GENKS exp. ]

_II:I-? T I | | | | |

ra
=

a0 40 a0 70 al a0

—_
-
=

G0
Trg, (MeV)

F1GURE 8.9: Comparison of experimental data by Machner, et al. [11] (green circles)
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GENXS expansion only (purple dotted lines) for 200 MeV p + 7 Au — 7Be at 45°.

increased production of heavy clusters in the mid- and high-energy regions compared
to the original MCNP6.

Figs. 8.12 and 8.13 illustrate our results for 1200 MeV p + ¥ Au — °Li,’Be at
20°with experimental data by Budzanowski, et al. [49]. These figures provides exam-
ples of our improved results for °Li and “Be spectra.

Figs. 8.14 and 8.15 demonstrate our results for 2500 MeV p + "Ni — t, ’Li at 100°,
with experimental data by Budzanowski, et al. [50]. The triton spectra again illustrate

that MCNP6-F achieves increased production of heavy clusters without “destroying”
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the established spectra of nucleons and light fragments up to *He (in this particular

case tritons). The “Li spectra show improved results with MCNP6-F.
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FIGURE 8.11: Comparison of experimental data by Budzanowski, et al. [49] (green
circles) with results by CEMo3.03F (blue solid lines), MCNP6-F with npreqtyp=66 (red
dashed lines), MCNP6-F with npreqtyp=6 (green dash-dotted lines), and MCNP6 with
the GENXS expansion only (purple dotted lines) for 1200 MeV p + 7 Au — p,°He at

o

20",
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8.3 CONCLUSION

We have accomplished our goal of improving predictions of MCNP6 for the produc-
tion of energetic heavy clusters. We have successfully implemented the following

heavy-ion upgrades from CEMo3.03F into a working version of MCNP6:

Expanded preequilibrium emission to 2Mg;

Upgraded preequilibrium inverse cross sections to NASA-Kalbach model;

Expanded Coalescence Model to ”Be;

Developed new, energy-dependent, ; Model.

In addition, we expanded the GENXS option in MCNP6 to include production cross
sections for all isotopes. Preliminary results of our working MCNP6-F version are
promising. Upon further testing of MCNP6-F, we anticipate our upgrades to be
included in the next release of MCNP6.



175

CHAPTER 9

SUMMARY

The accomplishments of this work include the following:

* Analysis of the Fermi Breakup Model used by CEM and LAQGSM. We altered the
Arermi cut-off and observed the results across numerous reactions. We deter-
mined that a higher cut-off was better for some reactions, but for other reactions

a lower cut-off yielded better results. (Chapter 2)

* Extended the Coalescence Model to account for coalescence of light fragments (LF) up
to A = 7. The previous version of the Coalescence Model only “coalesced”
neutrons and protons emitted during the INC into fragments up to *He. This
extension proved to play an important role in attaining smooth predicted spectra

that matched well with experimental data. (Chapter 3)

* Expanded the Modified Exciton Model (MEM) of the Preequilibrium stage to allow for
production of LF up to 2Mg. Previously, the MEM allowed for emission of up to
“He only. This expansion resulted in dramatically improved prediction of the

emission of energetic LF. (Chapter 4)

e Upgraded the inverse cross section approximation in CEM to a NASA-Kalbach “hybrid”
model. We analyzed several prominent cross section models and chose the NASA
(Tripathi, et al.) model for incorporation into CEM. We also added Kalbach
systematics for low-energy neutron production. We obtained improved results

compared to experimental data. (Chapter 5)

* Created an energy-dependent model for the condensation probability, vy;, in CEM. We
analyzed our 7; fits for hundreds of different reactions and created a mathemat-
ical model from our data. This model has the benefit of being physically smooth
across a broad range of possible reactions, as well as being computationally

flexible and fast. (Chapter 6)
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e Validation and verification of CEMo3.03F. We compared CEMo3.03 and CEMo3.03F
across a broad range of reactions (including those that were not used to fit, or
create, our CEMo3.03F models) to prove that CEMo3.03F is significantly better
at producing heavy clusters while retaining good results for nucleons and frag-
ments up to “He. CEMo3.03F, with the heavy cluster options turned on, requires

an acceptable increase in computation time (about 35%). (Chapter 7)

o Implementation within MCNP6. We expanded the GENXS option in MCNP6
to include the tally and output of production cross sections for all isotopes
(previously limited to He). We created a working version of MCNP6, called
“MCNP6-F”, which contains the upgrades of CEMo3.03F. Preliminary testing
has been completed. (Chapter 8)
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APPENDIX A

FITTED F]- VALUES

Table a.1 displays the fitted F; values for several hundred different reactions, by Z
and A number of the projectile, incident energy (T) of the projectile, Z and A number

of the target nucleus, and Z and A number of the emitted fragment.

TABLE A.1: F]- for various reactions.

Zpro]' Aproj To (MeV) Zturget Atarget meg Afrag F]

1 1 28.8 13 27 1 1 1
1 1 28.8 13 27 1 2 0.65
1 1 28.8 13 27 1 3 4
1 1 28.8 13 27 2 3 6.5
1 1 28.8 13 27 2 4 5
1 1 28.8 26 54 1 1 1
1 1 28.8 26 54 1 2 0.5
1 1 28.8 26 54 1 3 8
1 1 28.8 26 54 2 3 8
1 1 28.8 26 54 2 4 20
1 1 38.8 26 54 1 1 1
1 1 38.8 26 54 1 2 0.5
1 1 38.8 26 54 1 3 0.55
1 1 38.8 26 54 2 3 2.5
1 1 38.8 26 54 2 4 4.5
1 1 61.5 26 54 1 1 1
1 1 61.5 26 54 1 2 0.43
1 1 61.5 26 54 1 3 0.65
1 1 61.5 26 54 2 3 0.95
1 1 61.5 26 54 2 4 12

Continued on next page




Table A.1 — continued from previous page

Zproj  Aproj  To (MeV)  Zyarget  Atarget  Zrag  Afrag Ej
1 1 200 13 27 2 3 6.5
1 1 200 13 27 2 4 19
1 1 200 13 27 2 6 1.8
1 1 200 13 27 3 6 13
1 1 200 13 27 3 7 3.8
1 1 200 13 27 3 8 4.5
1 1 200 13 27 3 9 4.5
1 1 200 13 27 4 7 4.5
1 1 200 13 27 4 9 7
1 1 200 13 27 4 10 13
1 1 200 13 27 5 10 13
1 1 200 27 59 2 3 1.2
1 1 200 27 59 2 4 3
1 1 200 27 59 2 6 0.6
1 1 200 27 59 3 6 3.4
1 1 200 27 59 3 7 7-5
1 1 200 27 59 3 8 16
1 1 200 27 59 3 9 225
1 1 200 27 59 4 7 7-5
1 1 200 27 59 4 9 90
1 1 200 27 59 4 10 1400
1 1 200 27 59 5 10 5000
1 1 200 27 59 5 11 15000
1 1 200 27 59 5 12 210000
1 1 200 27 59 6 12 700000
1 1 200 27 59 6 13 700000
1 1 200 79 197 2 3 1
1 1 200 79 197 2 4 8
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Table A.1 — continued from previous page

Zproj  Aproj  To MeV)  Ztarget  Atarget  Zfrag  Afrag Ej
1 1 200 79 197 2 6 6
1 1 200 79 197 3 6 13
1 1 200 79 197 3 7 125
1 1 200 79 197 3 8 225
1 1 200 79 197 3 9 450
1 1 200 79 197 4 7 22
1 1 200 79 197 4 9 1600
1 1 200 79 197 4 10 13000
1 1 200 79 197 5 10 21500
1 1 200 79 197 5 11 140000
1 1 200 79 197 5 12 2100000
1 1 200 79 197 6 12 4600000
1 1 200 79 197 6 13 21000000
1 1 190 47 107 2 3 0.4
1 1 190 47 107 2 4 2.5
1 1 190 47 107 2 6 0.5
1 1 190 47 107 3 6 1.6
1 1 190 47 107 3 7 6.5
1 1 190 47 107 3 8 13
1 1 190 47 107 4 7 6.2
1 1 190 47 107 4 9 30
1 1 190 47 107 4 10 400
1 1 300 47 107 1 1 1
1 1 300 47 107 1 2 1
1 1 300 47 107 1 3 0.75
1 1 300 47 107 2 3 1
1 1 300 47 107 2 4 2.6
1 1 300 47 107 3 6 1.4
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Table A.1 — continued from previous page

Zproj  Aproj  To (MeV)  Zyarget  Atarget  Zrag  Afrag Ej
1 1 300 47 107 3 7 5
1 1 300 47 107 3 8 3.3
1 1 300 47 107 4 7 2
1 1 300 47 107 4 9 55
1 1 300 47 107 4 10 10
1 1 480 47 107 2 3 0.7
1 1 480 47 107 2 4 1
1 1 480 47 107 3 6 0.3
1 1 480 47 107 3 7 0.7
1 1 480 47 107 3 8 1.3
1 1 480 47 107 3 9 0.5
1 1 480 47 107 4 7 1
1 1 480 47 107 4 9 0.5
1 1 480 47 107 4 10 1.3
1 1 480 47 107 5 10 0.25
1 1 480 47 107 6 12 1
1 1 660 28 58 2 3 3.5
1 1 660 28 58 2 4 16
1 1 660 28 64 2 3 2.3
1 1 660 28 64 2 4 7
1 1 660 50 112 2 3 4
1 1 660 50 112 2 4 40
1 1 660 50 124 2 3 4
1 1 660 50 124 2 4 40
1 1 1200 28 61 1 1 1
1 1 1200 28 61 1 2 3
1 1 1200 28 61 1 3 3
1 1 1200 28 61 2 3 4.5
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Table A.1 — continued from previous page

201

Zproj  Aproj  To (MeV)  Zyarget  Atarget  Zrag  Afrag Ej
1 1 1200 28 61 2 4 6
1 1 1200 28 61 2 6 0.01
1 1 1200 28 61 3 6 0.7
1 1 1200 28 61 3 7 1.2
1 1 1200 28 61 3 8 0.3
1 1 1200 28 61 3 9 0.06
1 1 1200 28 61 4 7 1.2
1 1 1200 28 61 4 9 0.16
1 1 1200 28 61 4 10 0.16
1 1 1200 28 61 5 10 0.25
1 1 1200 28 61 5 11 0.08
1 1 1200 28 61 5 12 0.05
1 1 1900 28 61 1 1 1
1 1 1900 28 61 1 2 1.5
1 1 1900 28 61 1 3 2
1 1 1900 28 61 2 3 1.8
1 1 1900 28 61 2 4 2.4
1 1 1900 28 61 2 6 0.01
1 1 1900 28 61 3 6 0.01
1 1 1900 28 61 3 7 0.12
1 1 1900 28 61 3 8 0.14
1 1 1900 28 61 3 9 0.065
1 1 1900 28 61 4 7 0.17
1 1 1900 28 61 4 9 0.22
1 1 1900 28 61 4 10 0.2
1 1 1900 28 61 5 10 0.3
1 1 1900 28 61 5 11 0.2
1 1 1900 28 61 5 12 0.05

Continued on next page




Table A.1 — continued from previous page

Zproj  Aproj  To (MeV)  Zyarget  Atarget  Zrag  Afrag Ej
1 1 2500 28 61 1 1 1
1 1 2500 28 61 1 2 2
1 1 2500 28 61 1 3 3
1 1 2500 28 61 2 3 5
1 1 2500 28 61 2 4 2.6
1 1 2500 28 61 2 6 0.01
1 1 2500 28 61 3 6 0.01
1 1 2500 28 61 3 7 0.01
1 1 2500 28 61 3 8 0.14
1 1 2500 28 61 3 9 0.065
1 1 2500 28 61 4 7 0.055
1 1 2500 28 61 4 9 0.22
1 1 2500 28 61 4 10 0.14
1 1 2500 28 61 5 10 0.3
1 1 2500 28 61 5 11 0.1
1 1 2500 28 61 5 12 0.03
1 1 1200 73 181 1 1 1
1 1 1200 73 181 1 2 0.3
1 1 1200 73 181 1 3 0.75
1 1 1200 73 181 2 3 0.2
1 1 1200 73 181 2 4 1
1 1 1200 79 197 1 1 1
1 1 1200 79 197 1 2 0.5
1 1 1200 79 197 1 3 0.7
1 1 1200 79 197 2 3 0.4
1 1 1200 79 197 2 4 1
1 1 1200 79 197 2 6 0.1
1 1 1200 79 197 3 6 0.18
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Table A.1 — continued from previous page

Zproj  Aproj  To (MeV)  Zyarget  Atarget  Zrag  Afrag Ej
1 1 1200 79 197 3 7 0.38
1 1 1200 79 197 3 8 0.5
1 1 1200 79 197 3 9 0.17
1 1 1200 79 197 4 7 0.25
1 1 1200 79 197 4 9 0.3
1 1 1200 79 197 4 10 0.5
1 1 1200 79 197 5 10 0.5
1 1 1200 79 197 5 11 0.5
1 1 1200 79 197 5 12 1
1 1 1900 79 197 1 1 1
1 1 1900 79 197 1 2 1
1 1 1900 79 197 1 3 0.95
1 1 1900 79 197 2 3 0.65
1 1 1900 79 197 2 4 0.95
1 1 1900 79 197 2 6 0.01
1 1 1900 79 197 3 6 0.03
1 1 1900 79 197 3 7 0.25
1 1 1900 79 197 3 8 0.21
1 1 1900 79 197 3 9 0.2
1 1 1900 79 197 4 7 0.08
1 1 1900 79 197 4 9 0.25
1 1 1900 79 197 4 10 0.45
1 1 1900 79 197 5 10 0.4
1 1 1900 79 197 5 11 0.35
1 1 1900 79 197 5 12 0.35
1 1 2500 79 197 1 1 1
1 1 2500 79 197 1 2 1.5
1 1 2500 79 197 1 3 1.2
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Table A.1 — continued from previous page

Zproj  Aproj  To (MeV)  Zyarget  Atarget  Zrag  Afrag Ej
1 1 2500 79 197 2 3 1
1 1 2500 79 197 2 4 0.7
1 1 2500 79 197 2 6 0.01
1 1 2500 79 197 3 6 0.01
1 1 2500 79 197 3 7 0.12
1 1 2500 79 197 3 8 0.13
1 1 2500 79 197 3 9 0.12
1 1 2500 79 197 4 7 0.065
1 1 2500 79 197 4 9 0.085
1 1 2500 79 197 4 10 0.14
1 1 2500 79 197 5 10 0.16
1 1 2500 79 197 5 11 0.2
1 1 2500 79 197 5 12 0.085
0 1 41 13 27 1 1 1
0 1 41 13 27 1 2 0.9
0 1 41 13 27 1 3 1.2
0 1 41 13 27 2 4 1000
0 1 49 13 27 1 1 1
o} 1 49 13 27 1 2 1.6
0 1 49 13 27 1 3 1.8
0 1 49 13 27 2 4 1000
0 1 62.7 83 209 1 1 1
0 1 62.7 83 209 1 2 1.38
0 1 62.7 83 209 1 3 6
0 1 96 92 238 1 1 1
0 1 96 92 238 1 2 2.5
0 1 96 92 238 1 3 6.5
0 1 96 92 238 2 4 46
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Table A.1 — continued from previous page

Zproj  Aproj  To (MeV)  Zyarget  Atarget  Zrag  Afrag Ej
o} 1 175 26 56 1 1 1
0 1 175 26 56 1 2 3.5
0 1 175 26 56 1 3 7.2
0 1 175 26 56 2 3 6.8
0 1 175 26 56 2 4 37
0 1 175 83 209 1 1 1
0 1 175 83 209 1 2 2.5
o} 1 175 83 209 1 3 7.5
0 1 175 83 209 2 3 5
0 1 175 83 209 2 4 40
0 1 317 29 63 1 1 1
0 1 317 29 63 1 2 10
0 1 317 29 63 1 3 9
0 1 317 83 209 1 1 1
0 1 317 83 209 1 2 2.4
0 1 317 83 209 1 3 6.5
0 1 542 29 63 1 1 1
0 1 542 29 63 1 2 2.4
0 1 542 29 63 1 3 0.85
0 1 542 83 209 1 1 1
0 1 542 83 209 1 2 0.55
0 1 542 83 209 1 3 0.45
1 1 50 13 27 2 All 7
1 1 50 13 27 3 All 1000
1 1 50 14 28 2 All 7
1 1 50 14 28 3 All 10000
1 1 70 13 27 2 All 7
1 1 70 13 27 3 All 1000
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Table A.1 — continued from previous page

Zproj Aproj To (MeV) Ztarget Atarget meg Afmg F]

1 1 70 14 28 2 All 7
1 1 70 14 28 3 All 10000
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