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e Introduction

e INC of CEM03.01 and LAQGSMO03.01

e The coalescence model

e Preequilibrium [the Modified Exciton Model (MEM)]
e Evaporation

e Fission

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

e Fission-like binary-decay by GEMINI and multifragmentation
by the Statistical Multifragmentation Model (SMM) in the “G”
and “S” versions of CEM03.01 and LAQGSMO03.01

e Summary
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@ A general scheme of CEM/LAQGSM calculation

IntraNuclear Cascade (INC)
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The INC of CEM03.01 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, /nferaction of High Enerqy Particle and Nuclei
with Afomic Nuclei, Atomizdat, Moscow (1972); V. S. Barashenkov, ef al, 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. AccApp00, 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, AIP Conf. Proc. 769, pp. 1188-1192 (nucl-th/0502019)

6) S. G. Mashnik, M. |. 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) + pu(r) = po{l + exp|(r — c)/al}
where ¢ = 1.07AY? fm and a = 0.545 fm

the target nucleus is divided by concentric spheres into seven zones

The energy spectrum of the target nucleons is estimated

with the local Fermi energy Tr(r) = h2[372p(r)]*?/(2my)

208 . .
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Pauli principle forbids a number of intranuclear collisions
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In comparison with the initial version [1,2] of INC,
in CEMO03.01 we have:

1) developed better approximations for the total 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. Kosov

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

5) the algorithms of many INC routines were changed and almost all INC
routines were rewritten, which speeded up the code significantly

6) some preexisting bugs in the INC were fixed
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The INC stage of reactions is described by LAQGSM03.01 with
a recently improved version [1] of the time-depending
intranuclear cascade model developed initially in Dubna, often
referred in the literature simply as the Dubna intranuclear
Cascade Model, DCM [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, M.l. 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 CERN/IT/99/6, Geneva, Switzerland
(1999).
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LAQGSM uses a continuous nuclear distribution (no “zones”)

p(r) = pp(r) + pu(r) = po{l + exp[(r — c)/al}

where ¢ = 1.07AY3 fm, and a = 0.545 fm

-
-- -

- -
- -

-
____________

Before starting to simulate an INC event, position of
all IntraNuclear nucleons are simulated and “frozen”

)

m@ﬂp Computational Analysis and Simulation (X-3) 11 °

Alamos



HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006 ﬁ

—— Ll -

T . .
e A . ® ® 2 k‘.l
[ ;
|" - A : , r:l

i
____________

The projectile interacts (in point A) with the nearest
target nucleon met inside the cylinder with the radius r

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

ofe )
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t',2.3. ) is the formation time of the cascade particle #1(2,3,...)

Ift,<t, t,<t,,..., and t, > t',, 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: tf = (E/m)t°; 0 = C; i/m_;
C, = 1.0 for mesons and ~0.0 for baryons
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The coalescence model implemented in LAQGSM/CEM is described in [1];
We have changed the coalescence momentum radii p, for the various light
composite particles up to “He 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.
) = [ [ 5 51006 G 05, + B~ O~ 15, 7

LAQGSM:
p.(d) = 90 MeV/c; P(t) = p.(*He) = 108 MeV/c; p.(*He) = 115 MeV/c

CEM:

p.(d) = 150 MeV/c; p.(t) = P.(*He) = 175 MeV/c; p.(*He) = 175 MeV/c

o
- @ Alamos
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The preequilibrium part of reactions is described with the latest

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

improved Cascade-Exciton Model (CEM) [2] released in the

Code CEM03.01 [1]:

[1] S.G. Mashnik, K.K. Gudima, A.J. Sierk, M.l. Baznat, N.V. Mokhov, “CEMO03.01 User
Manual,” LANL Report LA-UR-05-7321, Los Alamos (2005); RSICC Code Package
PSR-532, http://www-rsicc.ornl.gov/codes/psr/psrd/psr-532.html (2006).

[2] K.K. Gudima, S.G. Mashnik, V.D. Toneev, Nucl.\ Phys. A401 (1983) 329.

E—Bj
Li(p,h,E) = / MN(p, h, E,T)dT ,
Ve

J

2.9j +1

' wip—1,hE—B;, —T
Np, b, B, T) = =i (p, h) ( i —71)

w(p, h, E)

<o>=<0o>F(Q),

TO' inuv (T)

v = (Vi/ VIt = pi(p /AP

do’ee /dS)
F(Q) = —
(@) [ dQYdoiree [dQY
2) Kalbach systematics for angular distribution of preequilibrium particles was incorporated at
energies below 210 MeV to replace the CEM approach

1) X; was fitted for proton-induced reactions

pal
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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

CEMO03.01 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) algorithms of many PREC routines were changed and almost all PREC
routines were rewritten, which speeded up the code significantly

4) some 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).

pa(E — Q) — ¢
Pi(e)de = g0y (€) ede
! ! pi(E)
Ejectiles
P d t

SHe  *He %He  ®He

61,1 Li 8Li Mi

Be  Be 0Be  HBe PBe

SB 1(}B 'HB ]2B '13B

1OC llc 120 13C 14C 150 160
12N ]BN 'I4N ]5N 'IGN ITN

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

10 Ne YNe Ne 2'Ne 22Ne 2Ne ?Ne
11 ?'Na ?Na  ?Na  ?*Na  ?*Na

12 22Mg 2Mg Mg ?°Mg Mg ?"Mg *Mg

EDOO‘\]C')C.)‘!A&DO[\JP—*D&..N

m@ﬂp Computational Analysis and Simulation (X-3) 29 °



HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006

&

L | | I 1T 1T 111 | | | I 1T 1111 | | | |
. 28 .. 7 i
L Si(p,X) Be —
fe 10 E _________ E
£ E .
- B _
O 10°EF =
O = -
() _ _
7y N < -2 2 »
S0 &/ T =
O = O T16 Lib: "™'si 3
- ® T16Lib: *°Si ]
O B / — CEMC;S.OZ | ]

/ —— CEMO03.01
2 J —-- CEM2k —
10 — (@) / —
= L vl Lo ot rpatd L] | =

10 100 1000

T (MeV)

m@ﬂp Computational Analysis and Simulation (X-3) 30

B
> Los Alamos



RPSDO06, Carlsbad, NM, USA, April 2-3, 2006 &

74 S
10 E | L L L L L L L L I L L L L L L g 10 | I N L L L DL DL L DL L L L L g
6E + = =
~ 10° | 1 2 GeV P+ A | i 5 10 .
E 5 = i = ; 3 E P - ?
C 4 F 3 - o
o 10 7 O 10 =
e = - — -
O S A - $) 2 ]
o 10 F T o 10 E
o 10° B =
w -
& s 10
O 1 O
gL 5
= S 0
s 10° k NI -
- -1 ~ - — e
© 10 E Libx10), 0-100 Me § © 10‘1 ® "Be(x10%), 0-100 MeV
- e Licx10), 0-100Mev 3 5 A °Be(x10), 0-100 MeV S
O 10-2 - W Li(x10),0-100MeV 5 S =
o E ®°Lix1),0-100 eV § o) -2 e(x0.1), e m
- i3 E — CEMO03.01, all energies 1 =~ 10 — CEM03.01, all energies o
Q10 E == CEMO3.81, all energies s --- CEM03.S1, all energies 3
= CEMO03.G1, all energiesa i3 CEMD3 G1 a” energ,es -
1 0-4 [T T U TN TN N T TN T N TN TN T I N NN 1 0 L1 1 [ T O I T |
0 20 40 60 80 100 O 20 40 60 80 100

Z Z

NESSI data: C.-M. Herbach et a/.,, Nucl. Phys. A765 (2006) 426-463

EjB

S Alamos

m@ﬂp Computational Analysis and Simulation (X-3) 31 °



HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006 ﬁ

Fission is calculated with an improved version of GEM2 that is an extension by
Furihata of the RAL fission model of Atchison.
We have changed the calculation of the fission cross sections; several routines

by Furihata from GEM2 were slightly modified in CEM03.01/LAQGSMO03.01;
some bugs found in GEM2 were fixed.

Fission cross section calculation:

1) 70 < Z; < 88 the Weisskopt and Ewing statistical model
po_Li____1
T;+T, 1+1I,/T;
T, = 0.352(1.68J + 1.9341/% ], Jo = Bn = ;)83“ +1
+A437%(0.76.J, — 0.05.;)), 2 o 2
o= 2B 0)) an= (4 —1)f8 gy = Za= Ot Ot oy 26

(Sf — 1)€S-f +1
aj

T, — e (1.08926 +0.01098(x — 31.08551)2), and y = Z2/A.

72 Z2\”
B =@, +321.2 - 16.7— + 0.218( —=
;= @n = ( Ai) "
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2) Z; > 89

log(I'n/T'y) = C(Z;)(Ai = Ao(Z)),
C(Z) and Ag(Z) are constants

7 C(2) A(2)
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
04 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

In CEM03.01 and LAQGSM03.01: ay — C, x ay C(Z;) — C. x C(Z;)

,
- Los Alamos
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Figure 3.  Experimental [31]

proton-induced fission cross sec-

tions of 80W, 184w, 183W  and

182W compared with improved (red

solid lines) and old (blue dashed
lines, from [31]) CEMO03.01 calcu-

lations.
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Z2U(1GeV/A) + p, CEM2k+GEM2 “Ppp(1GeV/A) + d, LAQGSM+GEM2

2 T T ] T - T T - T T + T T - T T I T T T T T F T T T T B
10 es 1D — qlu 1 _ Ar 1 =Bl L 8ghC | 10 | LCr T xdn T %35” T oMo+ 4sCd
LAY ANIAS A NN T

10 ® % T o G T ¢ T T S N 0 Y © O
1 ‘T I T . ] 1 ] 0 ¢ %H. T ? T % =Y i v%f ]
ob—t—F+ 4+ by = - SN P LI SN SN 5 S S
sy _ 7Hf _:_ 7Pt _:_ 5&'30 _:_ ;:Lrh ] 10 F 2Mn + 4,Ga + B?Rb - alC | gl .
- = T - @. T @ & T -\ - ﬁ T L 7
02 §a 1 8 T4 ::5:% ? : e ﬁ% X5 S5 W N
T TT ] ¥ [% --T T —j‘ i s 1 10 ¢ Lq T E i - @
102 —H—3 =S T T A S - MEPLIE SIS TN A L :%? 8
- SHo b - AU T At T 91P?f 10 b =Fe —e R ol L wRU L Sn i
o L ] 1 1 1 0 | I I |
Edl T IA RN B A A TN A T A
c— 10 o & - [+] ® T 2 ? T JO. T C . -2 o % _'_ Ie] g _'_ o % ‘_ o ‘i _ [s] @ _
A M EIAEREINEN LN N S IA RS
O 12 L S S PR S - VI T S r— ° TN | T SN T I = 1
% 10 F o ealT ] 7aWV 1 soHd 1 ey I 52U ai’z (?'J) 10 27C0 + ahs | 2 L 4sRH + 545D .
Y ] i AN ’ ATA T A TA :
O, 2 I J 8 T oe [ e O ° % T - C T 4 % T 2 ]
10 F e 3 T » o g T s o2 o 1 % o % ] 3 1 J ]
S b ‘fTT i S0 ‘%%.? - @ : o,
10 2 EH ——F— —F— —t— e — ;? AR B | S I(i)| C ﬁ gm i i ; (]L“_
gng ] ?5Re T 81 Ti 1 g?Fr T 93N p ] 10 EaNi + 3439 L dDZIJ + 46PE'3| L Te .
- i: I AT INT &1 AITA TR A
10 F %@—_ 3 + ¢ T ﬁ,'- :%_-_- o 9 'IU-z . 1 T 1 4 > i i i o %% i
102 ot =, [, 3l T - — %1? # L g $L° Q%:—,ﬁ’,?é
70YD ] 7605 1 &2Pb 1 aRa 1 osPU ] 10 25CU + 35D - ND - M L sl 1
o A WA & B ' SN A W T o T oA
10 ? - & T k) =T E" L:P‘—_— I 2_ Q L I - ¢ T S‘J % 3 % 1
? I ¢ ¢ 'l 7 : ¥ 10 e L 8 &4 2 L & 9]
A RIS RN
C_L ! o 1 1 -+ 1 1 I L L T 1 1 - C_1 13' ] (}L:_l ] 1 FI C 1 ] T 1 ?? T i 1 \% 7

140 160 160 180 180 20 200 220 220 240 50 60 70 60 70 80 90 80 100 100 120 100 120

Mass Number, A Mass Number, A

GSI data (filled circles): M. Bernas ef al., Nucl. Phys. A725 (2003) 213;
T. Enquist ef al,, Nucl. Phys. A703 (2003) 435; LAQGSM results: open circleg

.--’ﬁ
m@ﬂp Computational Analysis and Simulation (X-3) 35 ° LOSAIamOS



HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006 ﬁ

The Fermi breakup model used in LAQGSMO03.01 and in
CEMO03.01 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/99/6, Geneva, Switzerland
(1999); “GEANT4, Users' Documents, Physics Reference Manual,” last update:
08/04/1999; http://wwwinfo.cern.ch/asd/geant4/G4UsersDocuments/UsersGuides/
PhysicsReferenceManual/html/PhysicsReferenceManual.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)=(V/Q" 'pu(E), E=U+M(A,Z), Q=(2rh)?3

V =47R’/3 = 4mrg A/ 3,
where ro= 1.4 fm, is the only “free” parameter (fixed) of the model.

pal
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m@a@ Computational Analysis and Simulation (X-3)

In comparison with its initial version [1] used in QGSM,
in the initial version of LAQGSM, and in GEANT4 and
SHIELD, we have modified the Fermi breakup model in
the last versions of CEM and LAQGSM:

1) To decay some unstable light fragments like °He, >Li,
%Be, °B, efc., that were produced by the original Fermi

breakup model;

2) Several bugs/uncenrtainties 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).

o
° QS Alamos



HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006 ﬁ

T rrryrrrryrrrrjrrrr[rrrrj|7r1 13
10° =
= 730 MeV p + Al =
2 —_
S 10E o) =
& - | -
S~—r — | —
- — I —
9o 1L ' _
g 10E | =
O — | =
n . | -
) — ‘ -
n 0 '
O 10 F : =
O = | -
— [ _
| I _
10-1 __ : | e—e CEMO03.01, no Fermi break-up in Preco/Evap | _|
= : ' e © CEMO03.02, with Fermi break-up in Preco/Evap | =
= o o data (800 MeV) =
B | | -
102 L1 i B EA I I N A AT A B A B A B A B
0 3 10 15 20 25

Mass number, A

—
m@ﬂp Computational Analysis and Simulation (X-3) 38 s Los Alamos



HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006 ﬁ

IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|I
10° kg 730 MeV p + Al
10°
10°
% 101
= F
o) 0
510
-1
510 -
'810'2 = Lt
10°E— Eiﬁz B =
E
0

dx 10°
2
tx 10

*He x 10 —

“He, CEM03.01

- HECEM0302
ot bbbl o h e

100 200 300 400 500 600 700
T (MeV)

—
m@ﬂp Computational Analysis and Simulation (X-3) 39 ° _LOS Alamos

107




HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006 ﬁ

0.8GeVp+-Pb—n+..

coonl oo s 0T

g
)]
—
>
()
=
—~
o)
&
p —"
G
o
—
O 5
B O 15degx10
q 10 O 30degx 10"
A 60 degx 10°
101 © 90 deg x 10° Ly
v 120degx10 ::
2 # 150 degx 1 11
10 —  CEMO3.01 H
— = MCNP6 /CEM03.01 L
106 AN | L1l . L 1M1
10 100 1000
T (MeV)

Data (symbols): K. Ishibashi et al., J. Nucl. Sci. Techn., 34 (1997) 529 A
m@ﬂ‘?)c:mptt al Analysis and Simulation (X-3) 40 LosAIamos



HSS06, FNAL, Batavia, IL,

USA, September 6-8, 2006

&

700

Y RN RN R A L A AR AR A
10" B 208
i 730MeVp+""Pbop+..
104 $oooo o ) B
~10° i 5o oemnng )
>102 = _
@ & = L
%101 s A Tl _
: =] & =
e i 5, _
VTOD ) = 5 B 17
% 1 o TL_o = =
%10 e, =1 © 30degx 10*
‘-610_2 v o = . = SOdegx‘l{]3
“o 1w & 90 deg x 10°
10> = o 120degx 10
v 150 degx 1
10-4 -— MCNPG/CEM032.01
— CEMO03.01
10° AEIRERRTARRRRERINRI RN RRERRIRERERR N NI RRRRARIRRA RN RRRERRIRERRRRREN,
0 100 200 300 400 500 600
T (MeV)
10° |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
i 730MeVp+ AI—>p+...
10* B
103 0000 o =
:“:’ u Ooo o'g =
= 107, :
%101 a .
Fay —
“‘E’mo s i
c o7 - -+
B, 1 =1
;10 et B =L © 30 degx 10*
© 102 VG‘G = . 0 60 degx 10°
“© - = ! & 90 degx 10°
1072 - - o 120degx 10
¥ v 150degx1
10-4 - -— MCNP&/CEM0D3.01
I_ — CEMO03.01
10° Lo o b b b b b T
0 100 200 300 400 500 600
T (MeV)

700

10°E |||||||||||||||||||||||||||||||||||||||||||||||||\||||||||||||||||||
4 730MeVp+ CU—>p+
107 B S et
o] ~ -
~10°
n oo o8 m o
— 2
210 i. 8
4 A =g _ =
510k S ne
“‘8’100 b L _
.3 . — =i
= 10" : - )
l‘B vy _—lo ____I o 3{]deg>(104
“610_2 = . o 60degx103
(o] | 2
o == 4 90 degx 10
10_3 g - o 120degx 10
v 150 degx 1
10-4 —— MCNPG/CEM03.01
—CEMUS.U_']
107 Dod o oed b b bbb b
0 100 200 300 400 500 600 700
T (MeV)
5 [TTTTTTTTT
10 |||||||||||||||||||||||||||II|2|||||||||||||\||||||||||||||||||
) 730MeVp+ Cop+..
10
1_:103 DooODO O v
7
%102 DDDDDD | =
= . _
S10E T o [
“E’mo a :
c 5 A -
O, 1 0% 0 _ -
'.510 ° _ = © 30 degx 10°
N"610_2 vvvv = 3 o 6{]degx102
o v B - 4 90degx 10
107 B ! o 120 degx 10
oL v 150 degx 1
10_4 |_/IT —— MCNPG/CEMOD3.01
— CEMO03.01
107 NERIRIRRIRENRRRRRRI NN RERRINERERRER NI R ERNN A RN RR INER RN NN ARRRRENEE
0 100 200 300 400 500 600 700
T (MeV)

Data (symbols): D. R. F. Cochran efa/., Phys. Rev. 6 (1972) 3085-3116 ~,

m@ﬂp Computational Analysis and Simulation (X-3)

> Los Alamos



%

HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006

| |||||||| | |||||||| | ||||||||
15GeV T + P Fe 5n+..

o 30 deg x 10°

%
o 90degx10

1
A 150 deg x 1 —|_ |
— CEM03.01 "
— MCNP6/CEMO03.01

Lol Lol L1l

10 100 1000
T (MeV)

Data (symbols): T. Nakamoto et a/, J. Nucl Sci. Techn. 34 (1997) 860 A
mgﬂ'?) Computational Analysis and Simulation (X-3) L°5A|am°5

d“c/dT/dQ (mb/MeV/sr)

—
o|

1
w

o
— _I'I'ITI1TI| |||||III| |||||||r| |||||||l| AL

cood v oo e cvood oo ool cowmd 3

—
o|



HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006

&

Cross section (mb)

<T(A)> (MeV)

Mass number A

GSI data (circles): F. Rejmund ef a/., Nucl. Phys

m@ﬂp Computational Analysis and Simulation (X-3)

1 1 | | 1 | | | 1 1 1 | | 1 1 | | 1 1
10° 10° 800 MeV p + Au
800 MeV p + Au o)
1 02 . L.-.-mp,.-,lf...-t:_;‘_'."—z é
10’ | ] 5
5 M, 3 g
10° =) | )
- = W
Al ) ] N
108 E
= o GSldata = o o GSldata
107 ®  — CEM03.01 10 — CEMO03.01
E — MCNP6/CEMO03.01 a -— MCNP6/CEMO03.01
Ay oo b o oo b 10—3||||I||||I||||I||||I||||I||||I||||I||||
109 40 80 120 160 200 0 10 20 30 40 50 60 70 80
Mass number A Charge number Z
‘]00 |II|III|III|III|III 100_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
N 800 MeV p + Au . - 800 MeV p + Au .
Gl ] 80 [ -
: 1 3 f :
60| 1 = 6o -
- ] .
B ] — Q ]
40 1 N 40 %% ]
- |_ R OO :
N \Y, K o i
20 o GSldata 3 20 o GSl|data i
- — CEM03.01 . - — CEM03.01 .
u --- MCNP6/CEMO03.01 : ] u ~— MCNP6/CEMO03.01 ]
) T T Y T T N T | Sy T ol b b b beia b liin 7
0 40 80 120 160 200 0 10 20 30 40 50 60 70 80

Charge number Z

A683 (2001) 540; ibid., p. 513 A

> Los Alamos



HSS06, FNAL, Batavia, IL, USA, September 6-8, 2006 ﬁ

MCKINNEY ET AL.: COSMIC RAY INTERACTIONS WITH THE MOON

e
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Figure 7. Lunar neutron density profiles for various INC physics models.
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(E<14.5 MeV) from a lead cylinder versus 1on beam
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Summary

e CEMO03.01 and LAQGSMO03.01 and their “S” and “G” versions describe
various nuclear reactions much better than their precursors

e CEMO03.01 is available now to users from Oak Ridge as the RSICC
code package PSR-532, RSICC package id: PO0532MNYCPO00

e CEM03.01 and LAQGSMO03.01 are being (were) incorporated into MCNPG,
MCNPX, and MARS15, to be available to users from RSICC

e However, there are still many problems to be solved ..

e Thank you for your patience and attention |
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