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Yoshiharu Tosaka
Fujitsu Laboratories Ltd., 10-1 Morinosato-Wakamiya, Atsugi 243-0197, Japan

Akira Ono
Department of Physics, Tohoku University, Sendai 980-77, Japan

Hisashi Horiuchi
Department of Physics, Kyoto University, Kyoto 606-01, Japan
(Received 16 December 1998; published 16 November)1999

The 180 MeVp+27Al reaction is investigated using antisymmetrized molecular dynamics, i.e., AMD and
AMD-V, to investigate properties of fragment formations in medium energy nucleon-induced reactions. After
statistical decay calculations, both AMD and AMD-V almost reproduce experimental mass distributions,
differential, and double differential spectra of fragments inphe?’Al reaction. However, the inclusion of the
diffusion and the deformation of wave packets in AMD-V has drastic effects and, then, aspects in dynamical
calculations of AMD-V are very different from AMD calculations. It is shown that various aspects of nucleon-
induced reactions, in which residual nuclei decay into several fragments, appear in AMD-V calculations. The
decay into fragments proceeds slowly, and thus, differs from the multiple fragmentation in heavy ion colli-
sions. The possibility that AMD-V dynamical calculations describe the processes of statistical decays is
discussed[S0556-28139)03511-9

PACS numbgs): 25.40-h, 25.70.Mn, 25.70.Pq, 24.96d

[. INTRODUCTION AMD and AMD-V. Chiba et al. investigated the nucleon-
induced fragmentation in the high-energy regitgreater

Recently, quantum-mechanical molecular-dynamics mod:.

els of nuclear reactions have made remarkable progress aﬁ?fn 1 GeV using quantum molecular dynami63MD) and

. . . . . showed that QMD well reproduced the measured mass dis-
have been applied to various kinds of reactions, esPeC'a”Yributions in 1.5 GeVp+ 5Fe reactiong12]. On the other
heavy ion collisiong1—-8]. Antisymmetrized molecular dy- ' ) ) o
namics(AMD) is one of these modell—6]. Because the hand, we focus on the nucleon-induced fragmentation in the

. . . edium energy region in this paper.
nuglegr syste.fn |s.de'scr|bed by a Slate_r det.ermlnant,l AMD" We apply AMD and AMD-V top+27Al reaction with a
satisfies Pauli’'s principle and, therefore, is suitable for inves-

o . roton incident energy of 180 MeM.3]. The fragmentation
tigating quantum effects, for example, the clustering effec . : .

. . g data in medium energy nucleon-nucleus reactions are very
[9] in heavy ion collisions. AMD has been successfully ap-

: S . limited except for this reaction. The results of AMD and
plied to explaining fragment formations, nucleon and frag-AMD_V are compared to experimental mass distribution
ment flow, and so on, in heavy ion collisions. P P '

Although AMD was most powerful for heavy ion colli- and to_differenti;l and dquble diff_erential spectra of frag-
sions among the models that had ever been proposed, it w. ents in thep+ ‘Al reaction. !t will be showni that both
extended to include the effects of the diffusion and/or the’ VD and AMD-V reproduce this data after statistical decay
deformation of the wave packets. This extended version waS2/culations but aspects of the dynamical calculation by
called AMD-V and was applied to heavy ion collisiofi, AMD-V are very dlffe'rent_from those by AMD. 'Effects of
[8]. The extension of AMD gave the drastic effects of pro_the inclusion of the diffusion and the deformation of wave
ducing multiple fragments and led to a better reproduction opackets in AMD-V are found to be drastic. It will be shown
measured data. that various aspects of nucleon-induced reactions, in which

AMD and AMD-V have been applied to heavy ion colli- residual nuclei decay into several fragments, appear in
sions and their high applicability has been demonstrated, blkMD-V calculations. These decaying phenomena proceed
their application to light ion reactions has been very limitedslowly and, thus, differ from the multiple fragmentation in
except for the work of Ref§10] and[11]. In Ref.[10], they  heavy ion collisions. The possibility that AMD-V dynamical
investigated medium energyp’x) reactions of 120 MeV calculations describe the time evolution in processes of sta-
p+°&Ni and of 90 MeV and 200 Me\p+12C reactions us- tistical decays will be also discussed.
ing AMD and discussed two- and three-step contributions to The contents of this paper are as follows. In Sec. I, for-
angular distributions. However, the study of light ion in- mulations of AMD and AMD-V are given, and then in Sec.
duced fragmentation with AMD and AMD-V has made little Ill, calculated results of AMD and AMD-V are described in
progress and more detailed investigations are desired. Thaetail. Section 1V is devoted to the discussion of the charac-
purpose of this paper is to investigate the properties of fragteristics of AMD and AMD-V for nucleon-induced reactions.
ment formation in nucleon-induced reactions by using bothA summary is given in Sec. V.
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Il. ANTISYMMETRIZED MOLECULAR DYNAMICS In another molecular-dynamics approdd], a fragment
(AMD) recognition procedure is applied at an early time in order to
A Usual AMD get r_id qf the unreliable time evolution of the m_oIecuIar dy-
namics in the late stage. On the other hand, in the present
The AMD wave function for theA-nucleon nuclear sys- work, we try to describe the fragmentation reaction by the
tem is described by a single Slater determinant in whichdynamical model as much as possible by continuing the
single-particle wave functions are expressed as GaussigiMD calculation for a sufficiently long time. The statistical
wave packets: decay calculation is applied to the equilibriated fragments
2 4 whose decay should take a long time physically.

|<I>(Z)):de{exp{ - v( r—\/—';

The complex variableE={Z;} are the centroids of the wave 1€ AMD-V is a modified version of AMD and is con-
packets.a; represents the spin-isospin label of the Sing|e_structed by the stochastic incorporation of the diffusion and

particle state and is the spin-isospin wave function. We the deformatipn of wave packets W'hiCh is _calculated by the
took the width parameter=0.16 fm 2. An equation of Vlasov equation. The Vlasov equation is given by
motion which is derived from the time-dependent variational o oh of. oh of.

. . . . . . . 1 | 1
principle determines the time evolution Afand is given by =

Xoo| (1)

B. AMD-V

iﬁE CiGjT'ZjT: H , 2) wher_eh _is the Wigner rgpresentation of a sir!gle-pa}rticle
G ’ Iz, Hamiltonian calculated with an AMD wave function ahts
the one-body distribution function for one nucleon and is
whereC;, ;. with o,7=X,y,z is a Hermitian matrix represented by the Gaussian function,
6
(92 —2x2
Cigjr=——IN(P(2)|D(2)). ) fi(x,to) =F(x—Xi(te)), Fx) =11 vV2ime 2, (7)
’ azl*(r&zjr a=1

H is the expectation value of the Hamiltonian after the subWhere variablescand X are given as follows:
traction of the spurious kinetic energy of the zero-point os-

cillation of the center of masses of fragments, X={Xa}am1,... 6= {or pl2i o}, 8)
(D(2)|H®(Z)) 342w Xi={Xiataor, .. = AW={VVR; P/22 v} (9)
H(Z)= A+To[A=Ng(2)],

(®(2)|P(2)) 2™ In order to reflect the Vlasov equation in AMD, we take

(4) the following stochastic procedure for the short time step
betweent, andty+ 6t. At t=t,, the one-body distribution

whereNg(2) is the fragment number anf, is treated as a ’éunction is given by Eq(7). At t=to+dt, the one-body

free parameter for the adjustment of the binding energies. |
order to incorporate the two-nucleon collision processes du
to residual interaction, the physical coordinafés{W,} are

istribution function is written as a superposition of Gauss-
lan functions,

introduced by fi(X,to+ 8t) = (1= C)F (x— X;(to+ 8t))
A
J
— 7 -7 + F(X— X;(to+ ot) — )d¢.
w; JZl(@)”zj, Qij a(zr~zj)ln<q)(z)|q)(z)>' CJ I EF(x—X(to+ ot)— £)dé
5 (10

In AMD simulations for nucleus-nucleus collisions, the By this expression, the diffusion and the deformation of
ground state of the nucleus is obtained by the coolingvave packets are stochastically incorporated. A paranweter
method. The dynamical process is then simulated by followand a functiorg are determined by solving the Vlasov equa-
ing the equation of motion, in which two-nucleon collision tion. In this procedure, the adjustment of the energy conser-
processes due to the residual interaction are stochasticallyation and the Pauli principle are incorporated properly.
incorporated using the physical coordinates of . In this ~ More detailed descriptions of AMD-V are given in RET).
paper, we adopted the Gogny for4] as an effective in- There are several works that extended the molecular dy-
teraction and the free cross sectigh0] as a two-nucleon namics by treating the wave-packet widths as deterministic
collision cross section. We assumed the impact parametelynamical variable$3,17-19. Although this extension can
(bimp) of less than 6 fm in AMD(and AMD-V) simulations  be an improvement for some phenomdid], it does not
for the p+ 2’Al reaction. To get the final distribution of frag- work well for fragmentation phenomena because the diffused
ments, we used an additional cofld for statistical decay wave packets will not shrink again to form fragmefis],
calculations which is similar taAscADE by Plhlhofer[15]. [19] in a hot and expanding system. On the other hand, in
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our stochastic treatment of the wave-packet diffusion effect, 15 0.0 (/o) 70.0 (o) 80,0 (m/c)
the fragmentation is well described since the dynamics 10 o
chooses one of the possible fragmentation channels stochasg 5 @
tically [7,20). ;
-10 o]
C. Preparing ground state of target nucleus :2 120.0 (fm/c) 160.0 (fm/c) 200.0 (fm/c)

In the first stage of AMD and AMD-V simulations for =5
nucleon-nucleus reactions, the ground state of the targetT o @ @
nucleus is prepared using the cooling method. The equation -5
for this method is introduced by multiplying a complex fac-  -10
tor \+iu, u<O0, to the right-hand side of the AMD equa- 457105 0 5 1015105 0 5 10 156105 0 5 10 15

x {fm) x (fm) x (fm)

tion of motion of Eq.(2). If the system follows this cooling
equation, the energy decreases with time. Starting with ran-
domly choser? and solving this cooling equation, we reach

{a) bimp = 1.0 fm

the ground state of the nucleus. The validity of this method  1° 0.0 (i) 30.0 (fmio) §0.0 (fmlc)
for describing ground states of nuclei was shown in R&f. 10 ° o

However, we should note that the state of local minimum & 5 @

energy, which is not the ground state, may be obtained from ™ @
cooling simulations. Thé’Al is just as a such case. 10 o

We applied this method to th&Al nucleus and obtained 15
two different states. Because of their values of deformation 19
parameterg andy, one has an oblate sha(®TATE 1) and =5
the other has a prolate sha(®TATE 2. We chose STATE =0
1 as the ground state. The binding energy of STATE 1is -5 @ @ @
lower by about 5 MeV than that of STATE 2 and reproduces -0
the experimental value of-225 MeV. It is known that 515705 0 5 1015105 0 5 10156105 0 5 10 15
Hartree-Fock calculations give an oblate deformation for x {m) x (fm) x {fm)
stable nuclei around=28. The oblate shape of STATE 1 is

120.0 (fmic) 160.0 (im/c) 200.0 (fmic)

{b) bimp = 4.7 fm

: 16
rather exotic and seems to havé-a2«+ ™0 cluster struc- FIG. 1. Examples of the time evolution of the density projected
ture (which will be seen in Fig. @)). onto the reaction plane from=0 fm/c to 300 fmf in a 180 MeV

p-+27Al reaction. The calculated results with AMD are shown for
Ill. RESULTS impact parameter&) bimp = 1.0 fm and(b) bimp = 4.7 fm.
A. Time evolution of reactions wave packets even though the nucleus is highly excited.

We first describe the features of the time evolution of theThen, AMD has the characteristic that the nucleus hardly
reaction. Figures 1 and 2 are examples of the time evolutiodecays in dynamical calculations. It seems that this charac-
of the density projected onto the reaction plane. Figufas 1 teristic is very prominent in this reaction compared to other
and 1b) show the results of AMD simulations with bimp heavy ion collisiong7]. On the other hand, effects of the
1.0 fm and 4.7 fm, respectively, and FiggaPand 2b) show improvement in AMD-V, which are the inclusion of the ef-
the results of AMD-V simulations with bimg= 1.0 fm and  fects of diffusion and the deformation of wave packets, dras-
4.5 fm, respectively. In the case of the AMD results, a fewtically appear in this reaction. However, these decaying phe-
nucleons are emitted after a proton incidence and after abomomena proceed more slowly than those of heavy ion
80 fm/c, the change of a residual nucleus, which is slightlycollisions. For example, recent results of the centfdAu
deformed, is very slight with the time. On the other hand, in+*%Au collision with E/A=150 MeV show that nuclei
AMD-V, results drastically differ from AMD results. After a break up into many fragments before 100 émh AMD-V
proton incidence, a residual nucleus is greatly deformed, ansimulations[8]. Therefore, the decaying phenomena in the
splits into two fragments with bimp= 1.0 fm and four frag-  p+2’Al reaction at 180 MeV differ from the multiple frag-
ments with bimp= 4.5 fm. Figures @) and 3b) show other mentation in heavy ion collisions.
examples of AMD-V simulations with bimp= 0.0 and 4.0 Figures 4a) and 4b) show the mass distributions of frag-
fm, respectively. In the case of bimp 0.0 fm, 5 nucleons ments in dynamical calculations with AMD and AMD-V.
are emitted after a proton incidence and a residual nucleus iBhe results at times 120, 220, and 320 énate shown. The
greatly deformed after nucleon emissions. It seems that thehange in mass distributions in AMD calculations is very
nucleon emissions in this example correspond to the statistslight. The characteristic of AMD that the nucleus hardly
cal evaporation process. On the other hand, residual nuclewecays in dynamical calculations again appears prominently.
splits into two large fragments in the case of bimpt.0 fm.  AMD produces fragments only ci=1 and 23-27. On the

Because the width of single-particle Gaussian wave packether hand, the effect of the improvement of including the
ets in AMD wave functions is fixed, the AMD wave function deformation and the diffusion of wave packets appears in
cannot describe the large deformation and the splitting oAMD-V calculations. Att=120 fm/c, fragments ofA=1,
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15 0.0 (/o) 80.0 (fm/c) 7306 (fmic) 15 0.0 (o) 120.0%im/o)
10 ° 10 o
E 5 = 5 Q
-5 -5
-10 ° -10 ©
12 180.0 (fm/c) 240.0 (fm/c) 300.0 (fm/c) 157800 (mio) ~ ©|  240.0 (tm/o) 360.0 (fm/c)
10 o ©
E° o O ~ E° °©
: S
-5 -5
-10 o -1
15 Q Q 0
15105 0 5 1015105 0 5 10 15-10-5 0 5 10 15 535705 0 5 1015105 0 5 10 156105 0 5 10 15
x (fm) x (fm) x (fm) x (fm) x (fm) x (fm)
(@) bimp = 1.0 fm (a) bimp = 0.0 fm
:2 0.0 (fm/c) S 600 (fmic)| | 120.0 (fmyc) 15 0.0 (/) §0.0 (imio) 130.0 (fmlc)
10
o]
g° E?
o @B <o 5 )
-5 -5
-10 o .10 e}
:z 180.0 (fm/c) 240.0 (fm/c) 300.0 (fm/c) 15 . 180.0 (fm/c) 240.0 (fm/c) 300.0 (fm/c)
1 10
E° E;
=9 =
3 Bt x
- 5
-10 -10
°15705 0 5 1015105 0 5 10 15-105 0 5 10 15 155105 0 5 1015105 0 5 1015105 0 & 10 15
x {fm) X (fm) x (fm) x (fm) X (fm) x (fm)
(b} bimp = 4.5 fm ‘ (b) bimp = 4.0 fm

FIG. 2. Examples of the time evolution of the density calculated  FIG. 3. Other examples of the time evolution of the density
with AMD-V in the 180 MeV p+2’Al reaction are shown for im-  calculated with AMD-V in the 180 MeVp+2Al reaction are
pact parameterg&) bimp = 1.0 fm and(b) bimp = 4.5 fm. shown for impact parametefa) bimp = 0.0 fm and(b) bimp = 4.0

fm
2, 4, 18, and 21-27 are already generated, during
=120 fmfc and 220 fm¢, fragments ofA=12—-20 are
generated in addition, and most kinds of fragments are gerthe results of dynamical calculations &t320 fm/c and

erated up ta=320 fm/c. solid lines show the results after statistical decay calcula-

Figure 5 shows the internal energy per nucleon of thajons. In AMD calculations, most kinds of fragments are gen-
matter part of the system, which is defined as erated by statistical decay calculations. The mass distribution
after statistical decay calculations has a similar shape as that

E, of dynamical calculations for fragments oA<25 in
AMD-V. The mass distributions after statistical decay calcu-
lations are compared with the experimental data in Fig).. 7
The difference between results of AMD and those of
AMD-V is small and both results almost agree with experi-
wherek is the label of the fragments in all events, andE, ~ mental data, but the results of AMD-V agree slightly better
are the mass number and the internal energy of the fragmetfian the results of AMD especially for fragments of
respectively, and the sum is taken for fragments wkh A=8-12 and 23-26.

greatel’ than 4. The internal energy in AMD calculations does Results of QMD[Z]_] are also shown in F|g (B) for

not Change with time. On the other hand, it decreases Slightlﬁomparison. In the QMD Ca|cu|ation5, the Skyrme_type in-
in AMD-V calculations. For comparison we also plotted the teraction with parameters of the hard and the soft equation of
results of the*°Ca+ *°Ca reaction calculated by Oret al.  state and the Pauli potential were used. Detailed descriptions
[7] It can be understood that the 180 M@v 27A| reaction of QMD are given in Refs[zz,z:ﬂ In dynamica| calcula-

is an example of low internal energies and, therefore, decayions, QMD produces more kinds of fragmenta=1—6

- (11
matter E A
k;A =5

A

ing phenomena proceed very slowly. and 17—27 but it gives rather similar results to AMD. After
) ) _ statistical decay calculations, QMD reproduces the experi-
B. Comparison with data and with other models mental data for fragments oA=16—27. However, it

Figures 6a) and 6b) show the mass distribution of frag- largely underestimates the cross sections for fragments of
ments calculated with AMD and AMD-V. Dotted lines show A=6—11.
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4 4
10 ———r———————— 10 — e ————— T
180 MeV p+ 27Al 180 MeV p+ 27Al
3
10 | AMD - AMD-V .
5 2| @ t= 120 fmic ) :'_'::f;ggm:
£10° | -— =220 fm/c { E — t=320fmie = I .
= —  t=320fm/c c - -
o 2 1 !
©10 | . 8 ~ 4 i
(9] ] 7] I — H
2 E 2 i Lo
2 10° | g 1 e
S S 1
-1 -1 P
10 | ] 10 | it ]
| |
10-2 AN T S N S 10 FHEFHE P B PR N T R
0 10 20 30 0 10 20 30
Mass Number Mass Number

(@ (b)

FIG. 4. Mass distribution of fragments & 120, 220, and 320 fne/in dynamical calculations witlla) AMD and (b) AMD-V.

Figure 8 shows double differential spectra of residfal agree with the experimental values. It seems that the AMD-V
=22 nuclei. Although both AMD and AMD-V underesti- reproduces the gradient of a cross section curve slightly bet-
mate the spectra in the high-energy region, they agree weter than AMD. In the case oA=12 and 16, both models
with the experimental data in the energy range of less thagomewhat underestimate the spectra, but AMD-V closely ap-
15 MeV. Although the difference between the results of theproximates the gradient of a cross section curveAer12.
two models is small, it seems that AMD-V reproduces the Tang et al. have also calculated with differential and

gradient_ of a cross section curve f_or 20° _slightly better tharyouble differential spectra of fragments in the 180 MpV
AMD. Figures 9a) and db) show differential spectra of re- 27| reaction by using the cascade the statistical decay
sidual nuclei ofA=12, 16, 22, and 24. In the case & 546 and reproduced values close to our red@. Al-

;l\ié \?Ot.h mo?_elr? lsol;newhat OYereﬁtim%\eﬂéhel sp;]ectra, b'tpiough they gave excellent agreement with experimental data
-V gives slightly better results than - In the case by an improvement of the statistical decay model, the cas-

of A=22, the production cross sections by both mOdeIscade model based on classical mechanics and, thus, physical

contents in dynamical calculations were very different from

-0 — our calculations.
4 _ — p+27Al (E = 180 MeV)
| 40Ca+40Ca (E/A = 35 MeV) ] IV. DISCUSSIONS
S 2 G o T AMD has the characteristic that the nucleus hardly decays
i 3 o AMDYV ® in dynamical calculations as mentioned in the previous sec-
g | oAwD | tion, but it gave similar results with AMD-V after statistical
e 5| ] decay calculationSAMD-V gave slightly better results than
< O... ] AMD). The reason is that AMD properly estimates the exci-
@ gl TG ° _ tation energy in residual nuclei, which plays a major role in
L 3 = a ] reproducing fragments in statistical decay calculations.
7t C——o—o - Therefore, if we need only final resultfor example, the
4 mass distributions, etg.the use of AMD with the statistical
A 160 ' 260 : 360 200 decay model may be good enough for this purpose.
Time (fm/c) On the other hand, the aspects of the dynamical calcula-

tions of AMD-V are very different from AMD calculations.
FIG. 5. Internal energy per nucleon of the matter part of theDPecaying phenomena in AMD-V dynamical calculations
system in events as a function of the time in the dynamical calcuProceed slowly and differ from multifragmentation in heavy
lation of AMD (squares and AMD-V (circles for the 180 Mev  ion collisions. It is considerable that the various aspects in
p-+27Al reaction. The results of thé’Ca+“°Ca collision with en- AMD-V dynamical calculations may describe the time evo-
ergy of E/A=35 MeV [7] are also showr(dotted lineg for the  lution in processes of statistical decays. To see this point, we
comparison. investigated the yield of the first and second heaviest frag-
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4 4
10 ————— —— 10 ———————

180 MeV p+ Z7Al 180 MeV p+ 27Al
3
10 AMD oy ] AMD-V :

10 | 1 £ |
— | h o N
g 3
@ 0 2 0
810 | {4 ©10 | ]
1S i — Afterdecay | o i — After decay
RN I N Before decay | -1 P Before decay
10 | : . 10 | i J
2| i i 2 ;i
10 T B PO TP S S SN N 1 0 PR S P U Y T ST SR N S S
0 10 ‘ 20 30 0 10 20 30
Mass Number Mass Number
(a) (b)

FIG. 6. Mass distribution of fragments at the end of the dynamical calculdtotted histogramand after the statistical decay
calculation(solid histogram The results ofa) AMD and (b) AMD-V are shown.

ments in each everfFigs. 10a) and 1Qb)]. In Figs. 1Qa) We had to finish AMD-V dynamical simulations at
and 1@b)], the areas of the boxes are proportional to the320 fm/c with 600 events, due to the calculation time limit.
yield. After statistical decay calculations, both AMD and If we carry out dynamical calculations without the calcula-
AMD-V give similar results. However, before statistical de- tion time limit, AMD-V may reproduce the final results in
cay calculations, the results of AMD are very different from Fig. 10b) without statistical decay calculations. The new
those of AMD-V. It seems that the distribution of boxes in version of AMD-V, in which the triple loop approximation
AMD-V dynamical calculations is close to that of the final was used for estimating matrix elements, was recently pro-
results and, thus, suggests that AMD-V can describe statistposed and demonstrated that it drastically reduced the calcu-

cal decay processes. lation time[8]. Carrying out long duration and many event
4 4
10 ———————— 9 ——r—————r——
. 180 MeV p+ 27Al \ 180 MeV p+ 27Al
10 After decay . 10 QMD with Pauli pot. -
after decay
—_ 2 T 2
10 1 B0t |
.5 ’ 01 § 101
510 | 1 B0t ]
2 ?
w 0 2 0
S10 | 4 810t :
o o
-1 -1
10 [ . 10 | .
2 -2
10 T ——— 10 e —— s . L
0 10 20 30 0 10 20 30

Mass number Mass number

(a) (b)
FIG. 7. (a) Mass distribution calculated with AMDdotted histogramand with AMD-V (solid histogram after the statistical decay

calculation compared with the experimental datiacles [13]. The results of QMD+ the statistical decay calculati¢@l] are also shown

in (b) for the comparison. QMD results with parameter sets of the(dofted histogramand the hardsolid histogramequation of state are
shown.
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(x 0.01)
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[m]
A

10
Energy (MeV)
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the residual nuclei in these events correspond to cluster
structures in the well-known lkeda diagraf@5]. Various
cluster structures with proper excitation energies in the lkeda
diagram may be found and the dynamics of the growth and
the formation of cluster structures may be realized in
AMD-V dynamical calculations. This suggests that we may
find new physics in the various aspects of AMD-V dynami-
cal reactions.

Furthermore, AMD and AMD-V are applicable for the
soft error phenomena in VLSI electronics. Secondary cosmic
ray neutrons induce soft errors in VLSI circuits at ground
level through nucleon-induced reactidr&6] and the impor-
tance of this phenomena was recently recognifZz@i31].

The information ofn nucleus(especially forn+28Si) reac-
tions with a medium neutron energg0 MeV < En < 500
MeV) is important for the accurate estimates of neutron-
induced soft error rates. In this phenomena, heavy recoil nu-
clei which induce a large charge in a localized volume
(~1 wmd) in a silicon medium and, therefore, the simula-
tion code which describes the nucleon-induced fragmenta-
tion is needed. Thus, AMD and AMD-V are suitable models
for such applications.

FIG. 8. Measured and calculated double differential cross sec-
tions for fragments wittA=22 in the 180 MeVp-+?7Al reaction.
The results of AMD(dotted histogratnand AMD-V (solid histo-
gram are shown. The measured data are from RES].

V. SUMMARY

In this paper, we investigated the 180 M@V 2’Al reac-
tion using AMD and AMD-V to investigate properties of

simulations using the new AMD-V may be an interestingfragment formations in medium-energy nucleon-induced re-
subject for the near future.

On the other hand, AMD-V dynamical reactions include

actions.
After statistical decay calculations, AMD-V gave slightly

some processes which conceptually differ from the statisticabetter results than AMD but both models reproduced experi-
decay process and examples of such are actually shown mental mass distributions, and the differential and double
Figs. 2b) and 3b). It seems that the intermediate states ofdifferential spectra of fragments in thget 2’Al reaction.

3
10

Cross section (mb/sr)

180 MeV p+ 27Al

0 Exp.A=24
D Exp.A=22
— AMD-V +SD

AMD + SD

40 60 80
Angle (deg)

(a)

100

3
10 T T T T T T T |
180 MeV p+ 27Al
2 .
10 | O Exp.Az=16 .
O Exp.A=12
~— AMD-V + SD

AMD + SD

Cross section (mb/sr)

Angle (deg)
(b)

FIG. 9. Measured and calculated differential cross sections for fragmentgayith=24 and 22 and witlib) A=16 and 12 in the 180
MeV p+27Al reaction. The results of AMOdotted histograshand AMD-V (solid histogram are shown. The measured data are from Ref.

[13].
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FIG. 10. Yield of pairs of first and second heaviest fragments in each event at the end of dynamial calcwppengart and after
statistical calculationglower par}. The boxes are proportional to the yield. The result$apfAMD and (b) AMD-V are shown.

Although both AMD and AMD-V gave similar results AMD-V with the triple loop approximation may be an inter-
after statistical decay calculations, the aspects in dynamicasting subject for the near future.
calculations of AMD-V were very different from AMD cal- In the reaction studied here, the simultaneous multifrag-
culations. The AMD wave function cannot describe the larganentation did not take place since the excitation energy of
deformation and the splitting of wave packets even thouglthe target nucleus is not sufficient. An interesting future sub-
the nucleus is highly excited. This characteristic was venject is, therefore, to apply AMD and AMD-V to other reac-
prominent in the 180 Me\p+2’Al reaction. On the other tion systems in which the excited nucleus can expand to low
hand, the effects of the diffusion and the deformation ofdensity. In this case, one of the possible fragmentation
wave packets in AMD-V were found to be drastic. It was mechanisms is the spinodal decompositji@@—29, which
shown that various aspects of nucleon-induced reactions, ishould reflect the property of the nuclear matter in the low-
which residual nuclei decay into several fragments, appear idensity region.
AMD-V calculations. These decaying phenomena proceed
slowly, and thus differ from the multiple fragmentation in
heavy ion collisions.

We investigated the yield of the first and second heaviest The authors thank Toshiki Maruyama of Japan Atomic
fragments in each event in AMD and AMD-V calculations Energy Research Institute for his kindness. He offered his
and showed that the distribution of yields in AMD-V dy- results of QMD calculations of the 180 Mey+2’Al reac-
namical calculations close to that of final results after statistion to us. Our work was carried out as a part of the research
tical decay calculations. It suggested that AMD-V dynamicalproject for cosmic ray neutron-induced soft errors in Fujitsu
calculations describe the time evolution in processes of std-aboratorie§30,31]. The authors thank S. Satoh, H. Kanata,
tistical decays. Carrying out long duration and many evenK. Suzuki, T. Itakura, N. Nakayama, and N. Sasaki of Fujitsu
simulations to clarify this point using the new version of Laboratory for their encouragement.
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