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Abstract of the invited talk to be presented at the 
Second Advanced Workshop on Model Codes for Spallation Reactions, 

8 - 11 February 2010, CEA-Sac!ay, France 

The MCNP6 Event Generator CEM03.02: 
Lessons Learned from the Intercomparison 

Stepan G. Mashnik and Arnold J. Sierk 

Los Alamos National Laboratory, Los Alamos, NM 81545, USA 

Konstantin K. Gudima and Mircea 1. Baznat 

Institute of Applied Physics, Academy of Science of Moldova, Chi§inau, Moldova 

Following an increased interest in intermediate-energy nuclear data for several applica­
tions, the US Department of Energy has supported during the last decade our work on the 
development of improved versions of the Cascade-Exciton Model (CEM) which has led to our 
event generator CEM03.02 used by the latest version of the LANL transport code MCNP6. 
We have participated with CEM03.02 and with the very similar version CEM03.03 , used 
as an event generator in MARSI5 , in the Benchmark of Spallation Models organized under 
the auspices of the International Atomic Energy Agency during 2008 - 2009 . We have di­
cussed part of our results at the Satellite Meeting "Nuclear Spallation Reactions" of 
the Accelerator Applications conference (AccApp '09) held in Vienna in May 2009. Here, we 
present a review of our final results and lessons learned from this Intercomparison, trying 
to understand the reasons for the success or deficiency of CEM03 .02 to describe the reac­
tions covered by the Benchmark and to identify possible ways of futher improvements of 
CEM03.02 for specific needs by MCNP6. On the whole, CEM03.02 describes reasonably 
well most of the tested reactions . Therefore, it can be employed with confidence as a reliable 
event generator in MCNP6 as the main "workhorse" for intermediate-energy applications. 
However , the Benchmark identified several problems to be solved to improve the predictive 
power of CEM03.02 (and CEM03.03) . Open questions on reaction mechanisms and future 
necessary work are outlined. 

This work was carried out under the auspices of the National Nuclear Security Ad­
ministration of the U.S. Department of Energy at Los Alamos National Laboratory under 
Contract No. DE-AC52-06NA25396. 
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CEM03.02(.03) is 5 years old; not fit to Intercomparison data 

• A general scheme of CEM03.02(.03) calculation 

• Results on neutron spectra and multiplicities 

• p, d, t, 3He, and 4He spectra from p- and n-induced reactions 

• PiQD spectra 

• Integrated mass and charge distributions of product yields 

• Mass distributions for separate isotopes 

• Isotopic excitation functions 

• General comments, summary 
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A general scheme of CEM03.02(.03} calculations 

IntraNuclear Cascade (INC) r--____ n_a_n_d_p __ ~ Coalescence 
A> 13? 

yes 

Preequilibrium 
A> 13? 

yes 

Evaporation I--n_o ____ _ 
A> 1 ? 

yes 

Fission, if Z>64 
At1 ' A,2. > 13? 

yes 

Fermi breakup 

Evaporation from fission fragments~_y_e_s _____ ---+t 

A> ? 

rBailDJ Eolus Project, Monte Carlo Codes (XCP.J) 3 

d, t, 3He, 4He 

A 
LoS Alamos 
f "'" , ... ~ 10FUfOfll 



Second Advanced Workshop on Model Codes for Spallation Reactions, 
CEA-Saclay, France, 8-11 Feb 2010; S. G. Mashnik et aI., LA-UR-10-xxxxx 

..­
L... 
Cf) -~ 10

3 

2 -...c ..s 10 2 

n(542 MeV) + 21 Bi ~ P + X 

" -, 
'. , 

" -, , 
" , 
" 
" , , 
" ' .. !~ 

El=54° 

-CEM03.03 
Data: J . Franz et al. 

:. total 

fiss trag/~§ 

10 

.. .. .. .. .. .. .. .. .. :: .. .. .. .. .. .. .. 
:: .. 

-1 
10 

-3 
10 

10 

n(S42 MeV) + 210Bi ~ d + X 

6=540 

-CEM03.03 
• Data : J. Franz et al. 

:.: , ,­", 

-. · , · , · " ;

\-<. 

fiss.frag l , , 
, 

total 

Figure 4: ExperilIwntal double-differential spectra of protons ()Ild deuterons at 54 degrees froln 542 
I\Je V n + Bi (black circles) [13] cOlnpareu with our results by CEI\I03.03 (histograrns) presented at 
the Benchrnark [10]. Contributions froln intra-nuclear cascade, preequilibriunL evaporation before 
or \;vithout fission , coalescence. and evaporation frol11 fission fragrnents to the total spectra, (black 
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for some reactions, some 
a nice tapestry rather than 

evaluation of model predictive powers; 

occasionally , 
more like 

prefer to 
analyzing 

look directly at plots with 
different figures of merit 
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CEM03.02(03.03) describes quite well most of the neutron 
spectra covered by the Intercomparison 
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However , 
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CEM03.02(.03) still has room for improvement of neutron 
especially at T < 100 Mev ; we work now on this problem 
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CEM03.02(.03) reproduces well the Letourneau et al. n-multiplicity 
distribution for 1.2 GeV p + pb but does not agree so well with the 
Herbach et ala data for 1.2 Gev p + Fe , just as most other codes 

do for high values of <n> for this reaction ~ 
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P (63 MeV) T Pb208 -- Proton spectrulll 
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CEM03.02(.03) reproduces quite well most of the proton spectra covered 
by the Benchmark , though there are still some problems to be solved 
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CEM03.02(.03) describes quite 
though in its present version 
like pick- up and knock out 

well also most of the deuteron spectra, 
it does not account for direct processes 
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Most of the tritium spectra are al so described quite well by CEM03.02(.03); 
very similar results are obtained for 3He spectra 
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CEM03.02(.03) describes reasonably well most of the 4He-spectra 
but has room for further improvement 
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CEM03.02(.03) provides for these spectra one of the 
figures of merit 

best 
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CEM03.02(.03) describes reasonably well most of the 
but has room for further improvements 

pl on spectra 
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CEM03.02(.03) describes quite well the mass distribution of product 
1 GeV p + Fe but underestimates production of fragments with A < 30 

just as most other models do 
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CEM03 .02( .03) describes reasonably well the yield of fission fragments and 
spallation products from p + pb and u, but underestimates production of l ight 
fragments with A - 25 from these reactions, just as most other models d~ 
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The agreement of CEM03.02(.03) charge distributions of fission 
fragments, spallation products , and light fragments with the 
measured data is very similar to the one observed above for 

the mass distributions 
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CEM03.02(.03) describes well the mass distributions of most individual 
not too light isotopes produced in the 300 MeV p + Fe reaction 
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Yields of l ight Ne, Na, Mg , and Al isotopes produced in the 300 Mev p + Fe 
reaction are strongly underestimated by CEM03.02(.03) , a serious problem still 

to be addressed also for most of other codes tested in our Benchmark , 
as shown by the figures of merit on the next viewgraph 
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Both Rand F deviation factors for isotopes produced in the 300 Mev p + Fe 
reaction vary significantly from the desired value of one with decreasing mass 
number of products and reach values of up to several orders of magnitudes for 

many of the codes ~ 
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Excitation functions are the most difficult characteristics to 
predict; CEM03 often works well, but still has some prob~ms 
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More examples of success and deficiency of CEM03.02 in 
describing several excitation functions for p + natFe reac~ons 
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Examples of improved predictive power of MCNP6(x) for the production of 3He and 
7Be from p + Fe reactions while using our CEM03.02 event generator i n comparison 

with using the "default" Bertini INC + Dresner evaporation option 
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It is important to know that modules are "tuned" to each other 
while merging them into a single code, an idea adopted by 

CEM03.02(.03), LAQGSM, FLUKA , SHIELD , etc., but not understood 
or neglected by MCNPX, GEANT4, ALICE, CEM95 , ... 
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We need reliable experimental data in order to develop better 
models and codes 

rlt£fil& Eolus Project, Monte Carlo Codes (XCP·3) 26 
A 

LoS Alamos 
MAfl 'j" Loll ~ I ~y 



Second Advanced Workshop on Model Codes for Spallation Reactions, 
CEA-Saclay, France, 8-11 Feb 2010; S. G. Mashnik et al., LA-UR-10-xxxxx 

.J\ 

~0' (/"~" 
(5: LJ .)- --~ 
I Y· ~ 
\ ' .' I \/ '\ 

/~~ Wanted elephant },\ 
2".../ ' 

\ (reaction models) / .' 

) /~ j ~/( 
j 1 (\2"\ ) 4) 0./ ~ 3 't/ 

"-........ '1L-J 

Fig. 10. The lllath('llla1.ical gCllius and one or the piOlwprs of' r.he c:ornplltl·~r SCiCllCP and \10111,,·, (;arlo piH1.ic"~ l.rilllSp0l'1. , 
.John von ,'\('~lIrnan ll , IIser! t.o say : Wi/.h J01l1' pammU.r;r·s I can jit an r.leplwnl" and with jim! I ULII rrwkt; h im wiggle hi,' l7·UlI.k 

(t.he Id·t. elqlhanl. here). Thp rea lit.y fOI" int.l~r mcdiar.p- and hi g h-energy lluclcar n~act.ions is ntllch more complical ed; WI' call 
descrilw many feallln~s of sllch l'I~iI('l'i()ns consiriering only the 1.'\(;, pn~I'qllilibriurn , I-~varol"at:i()n, alld fission models. I,aeh of 
I.hem wil.h "ens or their own pararnewrs (gpi.ling rOllr II'gs ror I.ht! right I-~Iprhilllt.). To dpscrilw compl,'x pari.idp and rraglllPllt. 
emissioll ('rom some rpal'l.iolls. we may necr! to cortsid(·,r ot.1H~r n~aCLi()n me(,hanisms, likl~ Fermi break-lip , coalcsn' lIcc .. 
ntilitirraglllcllt.al.ion . and nssion-lik,~ binary-decay:; as des cr ibed by t.h,·~ ('odt! GE\1J:\1 of Charity (gf'lt,ing [lOW also rOllr , bill. 
diffen~ IlL 'Iq~s for th( ~ right. (~kphallt). ! · nf'ort.llllat.ely. only hy IIsing syst.emat.ics ba:-;ed on availai>h~ experimental dala may 
we de:-;nilw w(dl :-;()IlH.~ charal'lprisLics ( i.e., t.o lllak(~ I.IIP righl. P1ephalll wi ggk his trllllk) . Sorrw ka1.llrES or spp(,ific n~a('\.ioll:-; 

an~ 1101 described ",ell by any ('urn'nt models: t.his is why Ih(~ rig hl P/ephant. is still wit.hout. a t.ail and wit.h an unfinished 
Iq,;-, Establishilll!; I. he !'I'al Ilwchallisllls of' IJllclcal" !'I~act.ions and I.ll( ~ i/' conI ribul.iollS 1.0 sp,~cific lllPaslJra\.)lp cilal'ac\.prisl.ics is 
lik, ~ ('()lll1ting Ihe legs or Ihe right. el('plianl: we call s,," fOil 1', fh..,. or ('ven eight. I(:gs , cl(-'p(~nding on nul' poinl. or view. Sonw 
clJrnml. nuclear n'ac t ion models try t.o d( ~slTil)(> all pr()c<~sses considering only 1:\(;, ('vaporat.iort , and fissioll. In t.his casp, 
we gp\. orrly a hipPopol.amlls , precariollsly baJam:ed on tlll"ee irnpprr('(·, legs (Io\\,pr plot). 

Eolus Project, Monte Carlo Codes (XCP-3) 27 
A 
LoS Alamos 
. " tlO I l .. ., fu r ." 



Second Advanced Workshop on Model Codes for Spallation Reactions, 
CEA-Saclay, France, 8-11 Feb 2010; S. G. Mashnik et aI., LA-UR-10-xxxxx 

Summary (1) 
• CEM03.02(.03) describes reasonab'ly well most of the tested 

reactions, therefore it can be employed with confidence as a reliable 
event generator in MCNP6 as the main "workhorse" for intermediate­
energy applications. 

• However, we have identified several problems to be solved to 
improve the predictive power of CEM03.02 (and CEM03.03), like: 
improvement of approximations used to describe nucleon and pion 
production in elementary interactions during the INC; considering 
preequilibrium emission (and maybe also coalescence production) 
of fragments heavier than 4He; accounting for multifragmentation of 
highly excited nuclei and for "direct" knock out and pick-up 
processes of complex particle production, to name a few. 

• One of the most important but difficult and time consuming 
improvements of CEM03.02(.03) would be development of a new 
and less phenomenological evaporation/fission model. 
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Summary (2) 
• An important property of nuc'lear event s'imu,lation codes is how 

efficient they are. For large scale transport sim:ulations, a speed 
factor of 5 to 10 can make a big difference. CIEM03.,02(03) is 
roughly this much faster than CEM95 for intermediate-mass nuclei. 

• The Benchmark has proved once again that modules are "tuned" 
to each other while merging them into a single code: we can get 
bad results by combining arbitrary modules, as allowed currently 
by some transport codes . 

• To understand the "real" mechanisms of nuclear reactions and 
develop better models, we need more measurements, including 
correlations. 

We thank Drs. Sylvie Leray and Jean-Christophe David 
for inviting us to present our CEM results 
and for their kind help and cooperation! 
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