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Overview and Validation of the CEM03.03 and LAQGSM03.03 

Event Generators for the MCNP6, MCNPX, and MARS15 


Transport Codes 


Stepan G. Mashnik 

X-3-MCC, Applied Physics Division 

Los Alamos National Laboratory, Los Alamos, NM 87545, USA 


Reliable models of intermediate and high energy nuclear reactions are important to a 
number of applications at Los Alamos National Laboratory, including such projects as the 
Accelerator Transmutation of nuclear Wastes (ATW) , Accelerator Production of Tritium 
(APT), Spallation Neutron Source (SNS), Rare Isotope Accelerator (RIA), Proton Radiog­
raphy (PRAD) as a radiographic probe for the Advanced Hydro-test Facility, NASA needs, 
and others. The US Department of Energy had supported during the last decade our work 
on the development of improved versions of the Cascade-Exciton Model (CEM) and of 
the Los Alamos version of the Quark Gluon String Model (LAQGSM) which has led to 
our intermediate- and high-energy event generators CEM03.03 and LAQGSM03.03 for the 
transport codes MCNP6, MCNPX, and MARS15. 

I shall discuss some recent research at Los Alamos to improve our nuclear reaction 
models. Namely, I will present a description of the IntraNuclear Cascade (INC), preequi­
librium, evaporation, fission, coalescence, and Fermi breakup models used by the latest 
versions of our CEM03.03 and LAQGSM03.03 event generators, with a focus on our most 
recent developments of these models. The recently developed "S" and "G" versions of our 
codes, that consider multifragmentation of nuclei formed after the preequilibrium stage of 
reactions when their excitation energy is above 2A MeV using the Statistical Multifrag­
mentation Model (SMM) code by Botvina et al. ("S" stands for SMM) and the fission-like 
binary-decay model GEMINI by Charity ("G" stands for GEMINI) , respectively, will be 
briefly described as well. Examples of benchmarking our models against a large variety of 
experimental data on particle-particle, particle-nucleus, and nucleus-nucleus reactions will 
be presented. Open questions on reaction mechanisms and future necessary work will be 
outlined. 

The presented work was carried out under the auspices of the National Nuclear Security 
Administration of the U.S. Department of Energy at Los Alamos National Laboratory under 
Contract No. DE-AC52-06NA25396. 
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Many people participated in development of the Cascade-Exciton 
Model (CEM) and Los Alamos version of the Quark-Gluon String 
Model (LAQGSM) over their almost 40-year history. 

The current contributors are: 
S. G. Mashnik, K. K. Gudima, A. J. Sierk, 
M. I. Baznat, R. E. Prael, N. V. Mokhov. 

A recent lecture with many references on our work may be found in: 

S. G. Mashnik, K. K. Gudima, R. E. Prael, A. J. Sierk, M. I. Baznat, 
and N. V. Mokhov, CEM03.03 andLAQGSM03.03 Event 
Generators for the MCNP6, MCNPX, andMARS15 Transport 
Codes, Joint ICTP-IAEA Advanced Workshop on Model Codes for 
Spallation Reactions, February 4-8, 2008, ICTP, Trieste, Italy, 
LA-UR-08-2931, Los Alamos (2008), E-print: arXiv:0805.0751. 
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• Introduction 

• INC of CEM03.03 and LAQGSM03.03 

• The coalescence model 

• Preequilibrium [the Modified Exciton Model (MEM)] 

• Evaporation 

• Fission 

• Fermi break-up of light nuclei (A<13) 

• Fission-like binary-decay by GEMINI and multifragmentation 

by the Statistical Multifragmentation Model (SMM) in the "G" 

and "S" versions of CEM03.01 and LAQGSM03.01 

• Summary 
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A general scheme of CEM/LAQGSM calculation 

IntraNuclear Cascade (INC) l n and p )1 Coalescence 
A> 13? 

yes 

Preequilibrium 
A> 13? 

yes 

Evaporation I no ~ Fermi breakup 
A> 13? 

yes 

Fission, if Z>64 
A,1' A,2, > 

yes 

Evaporation from fission fragmentsV yes )/ 
A> 137 

d, t, 3He, 4He 
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The INC of CEM03.03 is based on the "standard" (non-time­
dependent) version of the Dubna cascade model [1 ,2], improved 
and developed further at LANL during recent years [3-6]: 

1) V. s. Barashenkov, K. K. Gudima, and V. D. Toneev, JINR Communications P2-4065 
and P2-4066, Dubna (1968); P2-4661, Dubna (1969); Acta Physica Polinica 36 (1969) 415. 

2) V. S. Barashenkov and V. D. Toneev, Interaction ofHigh Energy Particle and Nuclei 
with Atomic Nuclei, Atomizdat, Moscow (1972); V. S. Barashenkov, etal, Sov. Phys. Usp. 
16 (1973) 31. 

3) S. G. Mashnik and A. J. Sierk, Proc. SARE-4, Knoxville, TN, Sep. 13-16, 1998, 
pp. 29-51 (nucl-th/9812069). 

4) S. G. Mashnik and A. J. Sierk, Proc. AccAppOO, Washington, DC, USA, Nov. 12-16, 
2000, pp. 328-341 (nucl-th/0011064). 

5) S. G. Mashnik, K. K. Gudima, A. J. Sierk, R. E. Prael, Proc. ND2004, Sep. 26 - Oct. 1, 
2004, Santa Fe, NM, AlP Conf. Proc. 769, pp. 1188-1192 (nucl-th/0502019) 

6) S. G. Mashnik, M. I. Baznat, K. K. Gudima, A. J. Sierk, R. E. Prael, 
J. Nucl. and Radiochem. Sci. 6, (2005) pp. A1-A19 (nucl-th/0503061). 
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The nuclear matter density p(r) is described by a Fermi distribution 


p(r) == pp(r) + Pn(r) == po{l + exp[(r - c)/aJ} 


\vhere c == 1.07.£41/ 3 fm and a == 0.545 fm 


the target nucleus is divided b)T concentric spheres into se,ren zones 

·The energy spectrum of the target nllcleons is estimated 

with the local Fermi energy T~' (r) 

208Pb density approximations in CEM2k 
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N1V ~ NN, JVN ~ 7rNN, .1VN ~ 1f1 , •.. ,t7r-JVN 

7rN ---+ 7[J\T, 1fN ~ 1[1,·· ., 7ri1V (i > 2) 

7rNN ~ NJV 

Z(A - Z) 

I/')'A = 	L A I/')'d 

,+p 	~ p + 1[0 , 

~ r1J + 7[ + , 

~ p + 1[+ + 7r - , 

~ p + 7{"0 + 1[0 , 

~ n + 7[ + + 7[0 . 

rv~7 VN(r) == TF(r) + E, V1f 25 MeV, 

Pallii principle forbids a number of intranuclea.r collisions 
A 
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The cosine of the angle of emission of secondary particles in the c.m. system is 
calculated by the Dubna INC as a function of a random number~, distributed 
uniformly in the interval [0,1] as 

j\l lV 

. -, () - ')c1/ 2 I~ en + (1 ~ ")c .1V+l - 1 ~cos - ~~ ~an~ - ~ an ~ 

n ==O 71 ==0 

where N= M= 3, AI 

an = L ankT!; , 
k ==O 

where the coefficients 8 nk were fitted to the then available experimental data at a 
number of incident kinetic energies T;, then interpolated and extrapolated to other 
energies. 

The distribution of secondary particles over the azimuthal angle ffJ is assumed 

isotropic. 


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. 
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For the improved version of the INC in CEM03.01, 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. 


So, for pp, np, and nn interactions at energies up to 2 GeV, we did not have to 
develop our own new approximations analogous to the ones described above, since 
reliable systematics have been developed recently by Joseph Cugnon et al. for the 
Liege INC, then improved still further by Helder Duarte for the BRIC code; 
we simply incorporate into CEM03.01 the systematics by Duarte. 

J. Cugnon, C. Volant, and S. Vuillier, Nucl. Phys. A620 (1997) 475; 
A. Boudar, J. Cugnon, S. Leray, and C. Volant, Phys. Rev. C 66 (2002) 044615; 

Th. Aoust and J. Cugnon, Eur. Phys. J. A21 (2004) 79; 


Helder Duarte, Proc ADTT'99, Praha, Czech Republic, June 7--11, 1999, 

web page http://fjfLcvut.czlcon\ adtt99; 

Proc. 10th Int. Conf. on Nuclear Reaction Mechanisms, Varenna, Italy, June 9-13, 

2003; http://lxmi.mi.infn.itl-gadioli/registered.htm; 

Phys. Rev. C 75 (2007) 024611. 
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Similarly, for yp and yn interactions, we take advantage of 

the event from the Moscow INC kindly sent us by its 

coauthor, Dr. Igor Pshenichnov. 


In CEM03.01, we use part of a data file with smooth 

approximations through presently available experimental 

data, developed for the Moscow INC and have ourselves 

developed a simple and fast algorithm to simulate 

unambiguously da/dO and to choose the corresponding 

value of e for any Ey, using a single random number ~ 


uniformly distributed in the interval [0,1]. 


A. S. IIjinov, I. A. Pshenichnov, N. Bianchi, E. De Sanctis, 
B. V. Muccifora, M. Mirazita, and P. Rossi, 

Nucl. Phys. A616 (1997) 575. 
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The initial versions of CEM, just like LAQGSM and other INC-type 

models, calculate the total reaction cross section, using the 

geometrical cross section, and the number of inelastic, and elastic, 

simulated events, namely: 


- h T / ( 1\T + "- T ) ai'n - ag€orn1V'in 1, 'i'n J. \ el . 

This approach provides a reasonable good agreement with available 

data at incident energies above about 100 MeV, but is not reliable at 

lower bombarding energies and for some photonuclear reactions. To 

address this problem, we have incorporated into CEM2k the NASA 

systematics by Tripathi et al. for all incident protons and neutrons with 

energies above the maximum in the NASA reaction cross sections, the 

Kalbach systematics for neutrons of lower energy, and, in CEM03.01, 

the Kossov systematics for all photonuclear reactions: 


R. K. Tripathi, F. A. Cucinotta, and J. W. Wilson, NIM 8117 (1996) 347; 

C. Kalbach, J. Phys. G: Nucl. Part. Phys. 24 (1998) 847: 

M. V. Kossov, Eur. Phys. J. A 14 (2002) 377. 

A 
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In comparison with the initial version [1,2] of INC, 

in CEM03.03 we have: 

1) Developed better approximations for the total elementary cross sections; 

2) Developed new approximations to describe more accurately experimental 

elementary energy and angular distributions of secondary particles from 

hadron-hadron and photon-hadron interactions; 


3) Normalized photonuclear reactions to detailed systematics developed by 
M. Kossov and nucleon-induced reactions, to NASA and Kalbach systematics; 

4) The condition for transition from the INC stage of a reaction to preequilibrium 

was changed; on the whole, the INC stage in CEM03.03 is longer while the 

preequilibrium stage is shorter in comparison with previous versions; 


5) Incorporation of real binding energies 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; imposing momentum-energy conservation for each 

simulated even (provided only "on the average" by the initial versions); 


6) The algorithms of many INC routines were changed and almost all INC 

routines were rewritten, which speeded up the code significantly; 


7) Some preexisting bugs in the INC were fixed. 

A 
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The INC stage of reactions is described by LAQGSM03.03 with 

a recently improved version [1-] of the time-depending 

intranuclear cascade model developed initially in Oubna, often 

referred in the literature simply as the Oubna intranuclear 

Cascade Model, OeM [2], using the Quark-Gluon String Model 

(QGSM) [3] to describe elementary interactions at energies 

above 4.5 GeV. 

[1] S.G. Mashnik, K.K. Gudima, Mol. Baznat, A.J. Sierk, R.A. Prael, 

N.V. Mokhov, LANL Report, LA-UR-06-1764, Los-Alamos (2006). 

[2] V.D. Toneev, K.K. Gudima, Nucl. Phys. A400 (1983) 173c. 

[3] N.S. Amelin, K.K. Gudima, V.D. Toneev, Sov. J. Nucl. Phys. 51 (1990) 327; 

ibid. 51 (1990) 1730; ibid. 52 (1990) 172; 

N. S. Amelin, CERN/IT/ASD Report C~RN/IT/99/6, Geneva, Switzerland 
(1999). 
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LAQGSM uses a continuous nuclear distribution (no "zones") 

p(r) == pp(r) + Pn(r) == po{l + exp[(r - c)/aJ} 

where c == 1.07A1

/3 fm, and a == 0.545 fm 
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Before starting to simulate an INC event, position of 

all IntraNuclear nucleons are simulated and "frozen" 
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The projectile interacts (in point A) with the nearest 
target nucleon met inside the cylinder with the radius r 

A/2n, where rint = 1.3 fm; A/2n is the de Broglie wavelength r = rint + 

A 
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t f
1(2,3, ... ) is the formation time of the cascade particle #1 (2,3, ... ) 


If t2 < t11 t2 < t3,··· I and t2 > t:21 particle #2 interacts first in point C 

IntraNuclear nucleons involved in interactions become "cascade" particles 

and are removed from the status of "frozen" target nucleons (trailing effect) 


The formation time: t f = (E/m)tfO; t fO =Ct Pz/mn ; 

=1.0 for mesons and -0.0 for baryons 
Ct 

A 
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# I ,p-intcractions ,n-interactions 
1 ,p - > 7r+n 
2 ,p ---t 7rlJ n 
3 ,p ---t 6.++ 7r­

4 ,p ---t 6. + 7r0 

,p ---t 6.07r+ 

G ,p ---t pOp 

7 , 'P ---t p1 n 
8 ,p ---t TIP 
9 ,p ---t wp 

,p ---t AK+ 

11 ,p ---t EO f(+ 

12 ,p ---t E + j{lJ 

13 ,p ---t 77'P 
14 ,p ---t rPp,p ---t 7r+7r-P 

16 , 'P ---t 7r
0

7r+ n 
17 , 'P ---t 7r

0 
7r

0
p 

0 7rlJ 7rlJ 

19 ,p ---t 7r+7r-7r0p 

,p ---t 7r+ 7r°7r°n 

21 ,p ---t 11" 1 11" + 7r n 

18 ,p ---t 7r p 

22 ,p ---t 1I"1l1l"01l"()1I"0p 

23 ,p ---t 7r+ 7r-7r0 7r0p 

24 , 'P ---t 7r + 7r + 7r 7r - P 
,p ---t 7r+7r°7r°7r°n 

26 ,p ---t 7r+ 7r+ 7r-7r°17 

27 'YP ---t 7r07r07T07r07TOp 

28 'YP ---t 7r 1 7T ­ 7r07r0 7TO p 

29 , 'P ---t 1I"+7T+1I"-7T-7TOp 

31 
'YP ---t 7r+ 7r°7r°7r°7r°n,p ---t 11"111" + 11" 7To7T on 

32 'YP ---t 7r+7r+ 7r+7r-7r-n 

,n - > 7T - P ,n ---t 1r011,,n ---t 6.+11"­,n ---t 6.° 7T0 

, n ---t 6. -7T+ 

'Yn ---t pen,n ---t p P 

,Tt ---t rlTt 
,n ---t wn,n ---t AKo 

,11, ---t EO f(o 

'Y11, ---t E j{ i,n ---t r/rl 

'Yft - > 4m 
'Y71 ---t 7T+ 7r-71 

'Yn ---t 1r0 1r - P,n ­ >7To7Ton 

,71 ---t 1r"7r(l7r°n,n ---t 1r+ 1r-1I"°n 

,71. -) 7T-7r0 7r0p 

'Yn ---t 1r I 7r 11" P,n ---t 1rn7ru?i°1r(Jn 

')'n ---t 7T+ 7r-7To7Ton 

'Y11, ---t 7T + 7r + 7r - 7r n 

'Y1L ---t 1r-1r07T()7TOp 
,71 ---t 1r+ 7r-7r-7r0p 

,n ---t 7r°7r°7T°7l"°7r°n 

'Y71 ---t 7r+ 7r - 7r°7r°7l"°n,n ---t 1r+7r+7r-7r-1ru n 

'Yft ---t 1r-7r0 7r07r0 7l"0p 

'Yn ---t 1r1 7r 7r - 7r07TOp 
'Y11, ---t 7r+ 7r+7r-7r-7I"-P 

# I 'YP-int.cl'llc.liOIlS 'Yn-inl crac:t.ions 
33 ,p ---t 1r01l"()1I"()1r0 1ru1r°P 

34 'YP ---t 7T+ 1r-1I"1l1r0 7T
0 1l"0p 

,Tt ---t 1r°1rU?TO-1r°1l"°1r°n ,n ---t 1r+1r-1r°1r°7r()7r°n 

35 ,p ---t 7r+7r+1I"-1I"-1I"0 1r0p 'Yn ---t 1r+7r+1r-1r-7rIl 1r°n 

36 ,p ---t 1r+1r+1I" +1r-7T-7T-P 'Y7L ---t 1r+7r+1r+1r-7r-1I"-n 

37 'YP ---t 7T+ 7r°1l"°1r° 1r°1r°n 'Yn ---t 7r-1r0 1r0 7r1l1l"()1I"0p 

38 ,]J ---t 7r+7r+ 7r-7T()7T0 7rUn 'Y '" ---t 7r+1r-7r-7I°7l"° 7r(1) 

39 'YP ---t 71" 1 7r I 7r I 7r 7r 7r°n 'Yn ---t 71" 1 7r 1 11" 71 1r 1r0P 

40 , p ---t 7r07r07T07r07r07r07r0p 

41 ,p ---t 7T 1 7r 7r07T07T07r07TOp 

'Y'n ---t 11"°7l"°7l"°11"°7r°7r°7l"°n 

,n ---t 1r 1 11" ­ 1r0 11"0 11"0 11"0 7T0n 
42 ,p ---t 7r 1 7r 1 7r 7r 7r°7r°1r°P 

13 ,p ---t 1r 1 1r 1 1r I 1r 1r 1r 1r0p 

'Yn ---t 7[ + 7T ­1 11" ­ 11" ­ 11"°11"°7r°n,n ---t 11" 1 1r 1 1r I" " 11" 1r0 n 

44 , p ---t 1r+1r°1l"°1r°1r°1r°1r°n 'YTt ---t "-1r0"()1r(),,07r0 1r0p 

45 ,p ---t 1r+ 1r+ 1I"-1r°7T°1r°7r°n 'YTt ---t ,,+7r-"-7r0 "O"Il1r0p 

16 'YP ---t 1r+ 11" + 11" + 1r-1r-7rU1r°n 'Y n ---t "+"+1r-,,-,,-,,o,,op 

47 ,p ---t 1r+1r+7r+7r+1r-7r-7r-n 'Y Tt ---t1r+,,+"+"-"-1r-"-P 

48 ~/P ---t 7ru7rU1rU7rU7T07rU1r01rup 'Y n 7[U7T07l"U7[U7ru7ru7[u7run 

4!) 'Y]) ---t 7r+7T - 7I"°7r°7T°1r°1r°1r°P 'Y n 7[ + 7[ - 7[07[011"0 7[07101r0 n 

50 ,p ---t 7r+7T+ 7r-7T-7T°1r°1r°1r°P 'Y n 7[+ 7r+ 7[-7T- 7[°7r°1r°7[°n 

51 ,p ---t 7T 1 1r 1 1r +1r 1r 1r 71°11"°p 'Yn ---t 71" 1 7[ + 11" + 11" 11" 11" 11"0"On 

52 'YP ---t 7T 1 11" 1 11" 1 11"111" 1r 71 ­ 11" ­ P ,n---t11" 1 1r+ 11" + 7I + 11" 7r 11" 11" n 
53 'YP ---t 71" + 11"011"0 11"0 11"011"0 11"0 7IOn 
54 ,p ---t 7I+11"+ 11"-11"°11"°1r°7T°11"°n 

'Y n ---t" 11"01r0"O"01r07[01r0p,n ---t 11"+1I"-1r-"O"01l"0"o,,Op 

55 'YP ---t 7T+1I"+1I" + 1r-11"-1r°7l°1r°n 'Yn ---t 1I"+1I"+1r-"-,,-,,01l"0,,op 

56 ,p ---t 1r+1r+1I"+1r+1r-1r-1r-1r°n 'Yn ---t 1I"+1r+1r+1r-1I"-"-1r-1r°P 

New approximations for yp and yn cross sections from 
A. S. IIjinov et al.,Nucl. Phys. A616 (1997) 575, 
kindly provided us by Dr. Igor Pshenichnov, have been 
incorporated into LAQGSM03.01 
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The coalescence model implemented in LAQGSM/CEM is described in [1]; 


We have changed the coalescence momentum radii Po for the various light 


composite particles up to 4He by fitting them to measured data on various 


reactions and have fixed several bugs observed in the original version [1]. 

[1] V. D. Toneev and K. K. Gudima, Nucl. Phys. A400 (1983) 173c. 

Wd(p, b) = ! ! d]J'pdfJnpc(pp, b)pC (fJn , b)J(]J'p + Pn - P)8(pc - 1]J'p - in!) 

LAQGSM: 

Pc(d) = 90 MeV/c; P c(t) = pc(3He) = 108 MeV/c; pc(4He) = 115 MeV/c 

CEM : 

Pc(d) =150 MeV/c; Pc(t) =Pc(3He) = 175 MeV/c; pc(4He) = 175 MeV/c 

A 
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35 (1982) 694; 


37 (1983) 732; 
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The preequilibrium part of reactions is described with the latest 

version [1] of the Modified Exciton Model (MEM) [2,3] from the 

improved Cascade-Exciton Model (CEM) [4] released in the 


Code CEM03.01 [1]: 


[1] S.G. Mashnik, K.K. Gudima, A.J. Sierk, M.1. Baznat, N.V. Mokhov, "CEM03.01 User 

Manual," LANL Report LA-UR-05-7321, Los Alamos (2005); RSICC Code Package 

PSR-532, http://www-rsicc.ornl.gov/codes/psr/psr5/psr-532.html(2006). 

[2] K. K. Gudima, G. A. Ososkov, and V. D. Toneev, "Model for Pre-Equilibrium Decay 

of Excited Nuclei," Sov. J. Nucl. Phys. 21 (1975) 138. 

[3] S. G. Mashnik and V. D. Toneev, "MODEX - the Program for Calculation of the 


Energy Spectra of Particles Emitted in the Reactions of Pre-Equilibrium and 


Equilibrium Statistical Decays," JINR Communication P4-8417, Dubna (1974). 


[4] K. K. Gudima, S. G. Mashnik, and V. D. Toneev, "Cascade-Exciton Model of Nuclear 

Reactions: Model Formulation," Nucl. Phys. A401 (1983) 329. 
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We take into account all possible nuclear transitions changing the number of 
excitons n with An = +2, -2, and 0, as well as all possible multiple subsequent 
emissions of n, p, d, t, 3He, and 4He. 

For a preequilibrium nucleus with excitation energy Eand number of excitons 
n=p+h, the partial transition probabilities changing the exciton number by An 
are 

21f 2 
:J-­Afln(p,h,E) == I J\lI~n l W~n(p,/1,E) . 

The emission rate of a nucleon of the type jinto the continuum is estimated 
according to the detailed balance principle 

E - Bj 

rj(p, h, E) J )..~(p, h, E, T)dT , 
V.C 

J 

2s j + 1 .R.( h)W(P - 1, h, E - B j - T)T . (T)A~(p,h,E,T) 
7r2 ti3 J-L} J p, W (p, h, E) a'lnv:J 
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CEM considers the possibility of fast d, t, 3He, and 4He emission. at 
the preequilibrium stage of a reaction in addition to the emission of 
nucleons. (We plan to include preequilibrium emission of clusters 
heavier than 4He in the following versions of our codes.) 

We assume that in the course of a reaction Pj excited nucleons 

(excitons) are able to condense with probability Yj forming a complex 

particle which can be emitted during the preequilibrium state. The 

"condensation" probability Yj is estimated in those references as the 

overlap integral of the wave function of independent nucleons with 

that of the complex particle (cluster) 


'"Yj ~ p;(~/V)Pj - l = p;(Pj/A)Pj - l . 

This is a rather crude estimate. In the usual way the values Yj are 
taken from fitting the theoretical preequilibrium spectra to the 
experimental ones. In CEM03.01, we fitted Yj to nucleon-induced 
reactions experimental spectra. 

A 
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In comparison with the initial version [2] of CEM, 
the preequilibrium (PREC) part of CEM03.01 have been changed: 

1) the condition for transition from the preequilibrium stage of a reaction to 
evaporation/fission was changed; on the whole, the preequilibrium stage in 
CEM03.01 is shorter while the evaporation stage is longer in comparison 
with previous versions; 

2) the widths for complex-particle emission were changed by fitting the 
probability of several excitons to "coalesce" into a complex particle that may 
be emitted during the preequilibrium stage to available experimental data on 
reactions induced by protons and neutrons; 

3) Kalbach systematics for angular distribution of complex particles and 
nucleons with T < 210 MeV was incorporated into CEM/LAQGSM; 

4) algorithms of many PREC routines were changed and almost all PREC 
routines were rewritten, which speeded up the code significantly; 

5) some old bugs were discovered and fixed. 
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The evaporation stages of reactions is calculated with an improved version 
of the Generalized Evaporation Model (GEM2) by Furihata (several routines by 
Furihata from GEM2 were slightly modified in CEM03.01/LAQGSM03.01; some 
bugs found in GEM2 were fixed). 

Pd(E - Q - €)
~j ( € ) dE == gj a inv ( t ) t dtJ _, 

Zj Ejectiles 
0 n 
1 p d t 
2 3He 4He 6He 8He 

3 °Li 7Li RLi 9Li 

4 7I3e 9I3e lOI3e 11 Be 12Be 

5 8B lOB llB l2B l~B 

6 tOe lle 1. 2e l~e 14e l!)e 16e 

7 l2 N l:~N l4N l!) N l6 N l7N 

8 14 0 15 0 16 0 17 0 18 0 19 0 2°0 

9 17F 18F 19F 2°F 21F 

10 18Ne 19Ne 20Ne 21 Ne 22~e 23Ne 24Ne 

11 21Na 22Na 23Na 24 Na 25 Na 

12 22Mg 23l\1g 24Mg 25:v.Ig 26Mg 27Mg 28Mg 
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Fission is calculated with an improved version of GEM2 that is an extension by 


Shiori Furihata of the RAL fission model of Francis Atchison. 


We have changed the calculation of the fission cross sections; several routines 


by Furihata from GEM2 were slightly modified in CEM03.03/LAQGSM03.03; 


some bugs found in GEM2 were fixed. 


1) Fission cross section calculation: 

1) 70 < Zj < 88 the vVeisskopf and E'~ling statistical model 


Pf = rf = 1 
r f + r n 1 + r n/r f 

r n = 0.352 (1.68Jo+ 1.93A:/3 J 1 J = (sn - l)e
Sn + 1 , o 

2/3 2an+Ai (0.76J1 - 0.05Jo)) , 
(2S2 - 6sn + 6)eSn + S2 - 6

J1 == n nSn (:::: 2/an (E - Qn - 8)) an == (Ai - 1)/8 
8a2 

n 

(Sf - l)e sJ + 1 ( 2) 2r f == , af == an 1.08926 + 0.01098(X - 31.08551) ,and X == Z IA. 
af Z2 (Z~) 2 

BJ == Qn + 321.2 - 16.7 ~ + 0.218 ;i 
A 
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2) Zj > 89 

log(rn/rf ) == C(Zi)(Ai - AO(Zi)), 

C(Z) and Ao(Z) elre constants 

In CEM03.03 and LAQGSM03.03, 
we have adjusted the original 
values of alan and C(Z), namely: 

af ---+ Ca X aJ 

z C(Z) Ao(Z) 
89 0.23000 219.40 
90 0.23300 226.90 
91 0.12225 229.75 
92 0.14727 234.04 
93 0.13559 238.88 
94 0.15735 241.34 
95 0.16597 243.04 
96 0.17589 245.52 
97 0.18018 246.84 
98 0.19568 250.18 
99 0.16313 254.00 
100 0.17123 257.80 
101 0.17123 261.30 
102 0.17123 264.80 
103 0.17123 268.30 
104 0.17123 271.80 
105 0.17123 275.30 
106 0.17123 278.80 

C(Zi) ---+ Cc x C(Zi) 
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2) Fission fragments distributions calculation: 

Mass Distribution 

For a pre-fission nucleus '\i\rith Z; / Ai < 35, 
only sv"mmetric fission is allovved 

_ 4870e- O.36E 

For nuclei \vith Zl /Ai > 35, Pasy - -:;----:---:--:-:-- ­
1 + 4870e- O.36E 

2.5.2.a. Asymmetric fission. For asymmetric fission, the mass of one of the post-fission 

fragments Al is selected from a Gaussian distribution of mean Af = 140 and width aM = 6.5. 

The mass of the second fragment is A2 = ~4i - AI' 


2.5.2.h. Symmetric fission. For symmetric fission, Al is selected from the Gaussian distri­
bution of luean AI = Ai/2 and two options for the width aM as described below'. 

a/Ill = C3 (Z; / Ai)2 + C1 (Z; / Ai) + C5 (E - Bf ) + C6 . (61) 

The constants C3 = 0.122, C1 = - 7.77, C5 = 3.32 X 10- 2
, and C6 = 134.0 were obtained by 


fitting 'with GEM2 the recent Russian collection of experimental fission-fragment mass distri­

butions [102]. In this expression, the fission barriers B f by :tvlyers and Swiatecki [103] are used. 
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2.5.3. Charge Distribution. The charge distribution of fission fragments is assulned to be 
a Gaussian distribution of nlean Zf and width oz. Zf is expressed as 

_ Zi + Z' - Z'
Z f - 1 2 (62)

2 

where 
,65.5At , ( )

Zt = 2/3' l = 1 or 2. 63 
131 + At . 

The original Atchison model uses (Jz = 2.0. An investigation by Furihata [85] suggests that 
Oz = 0.75 provides a better agreement with data; therefore Oz = 0.75 is used in GElVI2 and in 
our code. 

2.5.4. Kinetic Energy Distribution. The kinetic energy of fission fragments [lVleV] is 
determined by a Gaussian distribution with mean Ef and width (J(!" 

0.131Z? / A:/3 
(64){f f = 0.104Z? / A}/3'+ 24.3, 

for Zl/A~/3 < 900 and 900 < Zl /A~/3 < 1800, respectively, according to Ilusanov et al. [102]. 
By fitting the experimental data by Itkis et al. [104], Furihata found the following expression 
for (hI 

C ( Z~/A~/3 - 1000) + Co = 1 Z 'I, 2, (65)(I { C 
2, 

for Z; /A;/3 above and below 1000, respectively, and the values of the fitted constants are 
C1 = 5.70 X 10- 1 and O2 = 86.5. The experimental data used by Furihata for fitting are the 
values extrapolated to the nuclear temperature 1.5 MeV by Itkis et al. [104]. lVlore details may 
be found in r851. /"1

--:/ 
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The Fermi breakup model code used in LAQGSM03.03 and in 

CEM03.03 was developed in the group of Prof. Barashenkov at 

JINR, Dubna and is described in details in [1]. 

[1] N. Amelin, "Physics and Algorithms of the Hadronic Monte-Carlo Event Generators. 

Notes for a Developer," CERN/IT/ASD Report CERN/IT/99/S, Geneva, Switzerland 

(1999); "GEANT4, Users' Documents, Physics Reference Manual," last update: 

08/04/1999; http://wwwinfo.cern.ch/asd/geant4/G4UsersDocuments/UsersGuides/ 

PhysicsReferenceManual/htmIlPhysicsReferenceManual.html/. 

The total probability per unit time of a nucleus (A,Z) with excitation energy U to 

breakup into n components is: 

W(E, ·n) == (11/0)n - l pn (E), E == U + Jl1(A, Z), n == (21fii)3 

11 == 47rR3 /3 == 41frgA/3, 

where ro= 1.4 fm, is the only "free" parameter (fixed) of the model. 
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In comparison with its initial version [1] used in QGSM, 
. 

we have modified the Fermi breakup model in the 

"03.02" versions of CEM and LAQGSM: 

1) 	To decay some unstable light fragments like 5He, 5Li, 
8Be, 9B, etc., that were produced by the original Fermi 
breakup model; 

2) Several bugs/uncertainties observed in the original 
version [1] were fixed; this solved the problem of the 
production of "nucleon stars" like "nuclides" xn and yp 
allowed by the original version; 

3) 	We have incorporated the Fermi breakup model at 
the preequilibrium and evaporation stages of 
reactions (earlier, it was used only after the INC). 
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~ Computational Analysis and Simulation (X-3) 41 	 .. Los Alamos 

ORy 



Invited Seminar, Nuclear Theory Group, IPHC, Strasbourg, France, 

October 21, 2008, S. G. Mashnik, LA-UR-08-xxxx 


3
10

:0 10
2 

E 
'--'" 

c 
o 1

1:5 10 
Q) 
en 

en 

ene 10° 
o 

10-1 

2 010- 5 " 10II 

Mass number, A 
--- )

~ Computational Analysis and Simulation (X-3) 42 • LosAlamos ,. 

730 MeV p + A I 

[] 

_ CEM03.01, no Fermi break-up in Preco/Evap 
Go- E) CEM03.02, with Fermi break-up in Preco/Evap 

o data (800 MeV) 

15 20 25 



--

Invited Seminar, Nuclear Theory Group, IPHC, Strasbourg, France, 

October 21, 2008, S. G. Mashnik, LA-UR-08-xxxx 


The Ammon et al. data and TAL YS and INCL +ABLA results are from: 

Nuclear inst rumen ts and Methods in PhYsics Resea rch H 266 (2008) 2 12 
Cross sections for the production of helium, neon and argon isotopes 

by proton-induced reactions on iron and nickel 

K. Ammon a.*, l. Leya a. B. Lavielle h. E. Gilabert h , J.-c. David c, U. Herpers d. R. Michel C 
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The Leya et al. data and TALYS and INCL +ABLA results are from: 

I. Leya, J.-C. David, S. Leray, R. Wieler, and R. Michel, "Production of noble gas 
isotopes by proton-induced reactions on bismuth," NIM B 266 (2008) 1030-1042 
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The Leya et al. data and TALYS and INCL +ABLA results are from: 

I. Leya, J.-C. David, S. Leray, R. Wieler, and R. Michel, "Production of noble gas 
isotopes by proton-induced reactions on bismuth," NIM B 266 (2008) 1030-1042 
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The Leya et al. data and TALYS and INCL+ABLA results are from: 

I. Leya, J.-C. David, S. Leray, R. Wieler, and R. Michel, "Production of noble gas 

isotopes by proton-induced reactions on bismuth," NIM B 266 (2008) 1030-1042 
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The FRS GSI data and EPAX and COFRA results are from: 

J. Benlliure, et aI., "Production of medium-mass neutron-rich nuclei in reactions 
induced by 136Xe projectiles at 1 A GeV on a beryllium target," arXiv: 0807.2851 
[nucl-ex] 17 Jul 2008. 
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Zeitlin et al. data and EPAX2, PHITS, Nilsen et aI., and NUCFRG2 results are from: 

C. Zeitlin et aI., Phys. Rev. C 77 (2008) 034605 

' i 

610 MeV/A 40Ar + C 
• 

:,. • 

• C. Zeitlin et al.. 2008 

- EPAX2 

- PHITS 


Nilsen et al. 

••• NUCFRG2 

- LAQGSM03.03 


+ 

, 

(L , 
6 9 12 15 18 

Atomic number Z 
A 

~ Computational Analysis and Simulation (X-3) 49 .. Los Alamos 
-t ~ 4 IF 

http:LAQGSM03.03


Invited Seminar, Nuclear Theory Group, IPHC, Strasbourg, France, 

October 21, 2008, S. G. Mashnik, LA-UR-08-xxxx 


Zeitlin et al. data are from: C. Zeitlin et aI., Phys. Rev. C 77 (2008) 034605 
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Theoretical predictions on 56Fe(p,x) residuals 
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CEM03.S1 and LAQGSM03.S1 are exactly the same as CEM03.01 
and LAQGSM03.01, but consider also multifragmentation of excited 
nuclei produced after the preequilibrium stage of reactions, when their 
Excitation energy is above 2A MeV, using the Statistical Multifragmen­
tation Model (SMM) by Botvina et al. (the "S" in the extension 
of CEM03.S1 and LAQGSM03.S1 stands for SMM). 

• J. P. Bondorf, A. S. Botvina, A. S. IIjinov, I. N. Mishustin, and K. Sneppen, 

Phys. Rep. 257 (1995) 13; 

• A. S. Botvina, A. S. IIjinov, I. N. Mishustin, J. P. Bondorf, R. Donangelo, and 

K.Snappen, NucIPhys.A475(1987)663; 


• A. S. Botvina, K. K. Gudima, A. S. IIjinov, and I. N. Mishustin, 

Phys. At. Nucl. 57 (1994) 628; 


• A. S. Botvina, A. S. IIjinov, and I. N. Mishustin, Nucl. Phys. A507 (1990) 649; 

• A. S. Botvina, A. S. IIjinov, and I. N. Mishustin, Sov. J. Nucl. Phys. 42 (1985) 712; 

• A. S. Botvina, present ICTP-IAEA Advanced Workshop on Model Codes, 2008. 
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CEM03.G1 and LAQGSM03.G1 are exactly the same as CEM03.01 

and LAQGSM03.01, but uses the fission-like binary-decay model 

GEMINI of Charity et aI., which considers evaporation of all possible 

fragments, instead of using the GEM2 model (the "G" in the extension 

of CEM03.G1 and LAQGSM03.G1 stands for GEMINI). 


• 	L. G. Sobotka, M. A. McMahan, R. J. McDonald, C. Signarbieux, G. J. Wozniak, M. L. 

Padgett, J. H. Gu, Z. H. Liu, Z. Q. Yao, and L. G. Moretto, Phys. Rev. Lett. 53 (1984) 200; 


• 	R. J. Charity, M. A. McMahan, G. J. Wozniak, R. J. McDonald, L. G. Moretto, 
D. G. Sarantites, L. G. Sobotka, G. Guarino, A. Pantaleo, L. Fiore, A. Gobbi, and 
K. D. Hildenbrand, Nucl. Phys. A483 (1988) 371; 

• 	R. J. Charity, D. R. Bowman, Z. H. Liu, R. J. McDonald, M. A. McMahan, G. L. Wozniak, 
L. G. Moretto, S. Bardley, W. L. Kenoe, and A. C. Mignerey, Nucl. Phys. A476 (1988) 516; 

• 	R. J. Charity, Phys. Rev. C 58 (1988) 1073; 

• 	R. J. Charity, L. G. Sobotka, J. Cibor, K. Hagel, M. Murray, J. B. Natowitz, R. Wada, 
Y. EI Masri, D. Fabris, G. Nebbia, G. Viesti, M. Cinausero, E. Fioretto, G. Prete, A. Wagner, 
and H. Xu, Phys. Rev. C 63 (2001) 024611; http://www.chemistry.wustl.edu/-rc/gemini/; 

• 	R. J. Charity, present ICTP-IAEA Advanced Workshop on Model Codes, 2008. 
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400MeV/u Uranium Beam on 0.2­
em Thick Lithium target 


• Pencil beam of U-238 - zero radius 

• 	MCNPX run 1.e+09 particles in 7:01 :50 wall 
clock hours using 64 processors. 

• PH ITS run 6.3e+06 particles in 9: 18:56 wall 
clock hours using 64 processors. 

• Both runs were in Bassi, last generation 
IBM parallel machine. 

• 	The ratio is 210.32 times faster for MCNPX. 

(Courtesy of ltacil C. Gomes) 
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Summary 

• CEM03.03 and LAQGSM03.03 and their "s" and "G" versions describe nuclear 
reactions of interest to Spallation Applications better than earlier versions 

• 	As a rule, CEM03.03 and LAQGSM03.03 describe such reactions not worse than 
other codes presently available, and are often much faster, which is very important 
in complex simulations 

• CEM03.01 is available now to users from RSICC and from NEAlOECD as the 
Code Package PSR-532 

• The latest versions of our codes, CEM03.03 and LAQGSM03.03, have been 
or are being incorporated into MCNP6, MCNPX, and MARS15, to be available 
to users from RSICC and NEAlOECD 

• There are still some problems important for Spallation Applications to be solved, 
but we understand the physical basis of these shortcomings and are able to 
improve predictability as we have done previously 

Thank the Institut Pluridisciplinaire Hubert Curien, and especially, Dr. Johann Bartel, 
for inviting me to present this seminar and for financial support of my trip! 

Merci de votre attention! 
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