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Nucleon-induced fragment formation with antisymmetrized molecular dynamics
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The 180 MeVp127Al 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 in thep127Al 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.@S0556-2813~99!03511-6#

PACS number~s!: 25.40.2h, 25.70.Mn, 25.70.Pq, 24.90.1d
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I. INTRODUCTION

Recently, quantum-mechanical molecular-dynamics m
els of nuclear reactions have made remarkable progress
have been applied to various kinds of reactions, espec
heavy ion collisions@1–8#. Antisymmetrized molecular dy
namics~AMD ! is one of these models@4–6#. Because the
nuclear system is described by a Slater determinant, A
satisfies Pauli’s principle and, therefore, is suitable for inv
tigating quantum effects, for example, the clustering eff
@9# in heavy ion collisions. AMD has been successfully a
plied to explaining fragment formations, nucleon and fra
ment flow, and so on, in heavy ion collisions.

Although AMD was most powerful for heavy ion colli
sions among the models that had ever been proposed, it
extended to include the effects of the diffusion and/or
deformation of the wave packets. This extended version
called AMD-V and was applied to heavy ion collisions@7#,
@8#. The extension of AMD gave the drastic effects of pr
ducing multiple fragments and led to a better reproduction
measured data.

AMD and AMD-V have been applied to heavy ion coll
sions and their high applicability has been demonstrated,
their application to light ion reactions has been very limit
except for the work of Refs.@10# and@11#. In Ref. @10#, they
investigated medium energy (p,p8x) reactions of 120 MeV
p158Ni and of 90 MeV and 200 MeVp112C reactions us-
ing AMD and discussed two- and three-step contributions
angular distributions. However, the study of light ion i
duced fragmentation with AMD and AMD-V has made litt
progress and more detailed investigations are desired.
purpose of this paper is to investigate the properties of fr
ment formation in nucleon-induced reactions by using b
0556-2813/99/60~6!/064613~9!/$15.00 60 0646
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AMD and AMD-V. Chiba et al. investigated the nucleon
induced fragmentation in the high-energy region~greater
than 1 GeV! using quantum molecular dynamics~QMD! and
showed that QMD well reproduced the measured mass
tributions in 1.5 GeVp156Fe reactions@12#. On the other
hand, we focus on the nucleon-induced fragmentation in
medium energy region in this paper.

We apply AMD and AMD-V top127Al reaction with a
proton incident energy of 180 MeV@13#. The fragmentation
data in medium energy nucleon-nucleus reactions are v
limited except for this reaction. The results of AMD an
AMD-V are compared to experimental mass distributio
and to differential and double differential spectra of fra
ments in thep127Al reaction. It will be shown that both
AMD and AMD-V reproduce this data after statistical dec
calculations but aspects of the dynamical calculation
AMD-V are very different from those by AMD. Effects o
the inclusion of the diffusion and the deformation of wa
packets in AMD-V are found to be drastic. It will be show
that various aspects of nucleon-induced reactions, in wh
residual nuclei decay into several fragments, appear
AMD-V calculations. These decaying phenomena proce
slowly and, thus, differ from the multiple fragmentation
heavy ion collisions. The possibility that AMD-V dynamica
calculations describe the time evolution in processes of
tistical decays will be also discussed.

The contents of this paper are as follows. In Sec. II, f
mulations of AMD and AMD-V are given, and then in Se
III, calculated results of AMD and AMD-V are described i
detail. Section IV is devoted to the discussion of the char
teristics of AMD and AMD-V for nucleon-induced reaction
A summary is given in Sec. V.
©1999 The American Physical Society13-1
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YOSHIHARU TOSAKA, AKIRA ONO, AND HISASHI HORIUCHI PHYSICAL REVIEW C60 064613
II. ANTISYMMETRIZED MOLECULAR DYNAMICS
„AMD …

A. Usual AMD

The AMD wave function for theA-nucleon nuclear sys
tem is described by a single Slater determinant in wh
single-particle wave functions are expressed as Gaus
wave packets:

uF~Z!&5detFexpF2nS r2
Z i

An D 2

1
1

2
Z i

2Gxa i
G. ~1!

The complex variablesZ[$Z i% are the centroids of the wav
packets.a i represents the spin-isospin label of the sing
particle state andx is the spin-isospin wave function. W
took the width parametern50.16 fm22. An equation of
motion which is derived from the time-dependent variatio
principle determines the time evolution ofZ and is given by

i\(
j t

Cis, j tŻj t5
]H

]Zis*
, ~2!

whereCis, j t with s,t5x,y,z is a Hermitian matrix

Cis, j t5
]2

]Zis* ]Zj t

ln ^F~Z!uF~Z!&. ~3!

H is the expectation value of the Hamiltonian after the s
traction of the spurious kinetic energy of the zero-point
cillation of the center of masses of fragments,

H~Z!5
^F~Z!uHuF~Z!&

^F~Z!uF~Z!&
2

3\2n

2M
A1T0@A2NF~Z!#,

~4!

whereNF(Z) is the fragment number andT0 is treated as a
free parameter for the adjustment of the binding energies
order to incorporate the two-nucleon collision processes
to residual interaction, the physical coordinatesW[$W i% are
introduced by

W i5(
j 51

A

~AQ! i j Z j , Qi j 5
]

]~Z i* •Z j !
ln^F~Z!uF~Z!&.

~5!

In AMD simulations for nucleus-nucleus collisions, th
ground state of the nucleus is obtained by the cool
method. The dynamical process is then simulated by follo
ing the equation of motion, in which two-nucleon collisio
processes due to the residual interaction are stochasti
incorporated using the physical coordinates of Eq.~5!. In this
paper, we adopted the Gogny force@14# as an effective in-
teraction and the free cross section@10# as a two-nucleon
collision cross section. We assumed the impact param
~bimp! of less than 6 fm in AMD~and AMD-V! simulations
for thep127Al reaction. To get the final distribution of frag
ments, we used an additional code@2# for statistical decay
calculations which is similar toCASCADE by Pühlhofer @15#.
06461
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In another molecular-dynamics approach@16#, a fragment
recognition procedure is applied at an early time in order
get rid of the unreliable time evolution of the molecular d
namics in the late stage. On the other hand, in the pre
work, we try to describe the fragmentation reaction by t
dynamical model as much as possible by continuing
AMD calculation for a sufficiently long time. The statistica
decay calculation is applied to the equilibriated fragme
whose decay should take a long time physically.

B. AMD-V

The AMD-V is a modified version of AMD and is con
structed by the stochastic incorporation of the diffusion a
the deformation of wave packets which is calculated by
Vlasov equation. The Vlasov equation is given by

] f i

]t
1

]h

]p
•

] f i

]r
2

]h

]r
•

] f i

]p
50, ~6!

where h is the Wigner representation of a single-partic
Hamiltonian calculated with an AMD wave function andf is
the one-body distribution function for one nucleon and
represented by the Gaussian function,

f i~x,t0!5F„x2Xi~ t0!…, F~x!5 )
a51

6

A2/pe22xa
2
, ~7!

where variablesx andX are given as follows:

x5$xa%a51, . . . ,65$Anr ,p/2\An%, ~8!

Xi5$Xia%a51, . . . ,65$W i%5$AnRi ,Pi /2\An%. ~9!

In order to reflect the Vlasov equation in AMD, we tak
the following stochastic procedure for the short time s
betweent0 and t01dt. At t5t0, the one-body distribution
function is given by Eq.~7!. At t5t01dt, the one-body
distribution function is written as a superposition of Gau
ian functions,

f i~x,t01dt !5~12c!F„x2Xi~ t01dt !…

1cE g~j!F„x2Xi~ t01dt !2j…dj.

~10!

By this expression, the diffusion and the deformation
wave packets are stochastically incorporated. A parametc
and a functiong are determined by solving the Vlasov equ
tion. In this procedure, the adjustment of the energy con
vation and the Pauli principle are incorporated proper
More detailed descriptions of AMD-V are given in Ref.@7#.

There are several works that extended the molecular
namics by treating the wave-packet widths as determini
dynamical variables@3,17–19#. Although this extension can
be an improvement for some phenomena@17#, it does not
work well for fragmentation phenomena because the diffu
wave packets will not shrink again to form fragments@18#,
@19# in a hot and expanding system. On the other hand
3-2
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NUCLEON-INDUCED FRAGMENT FORMATION WITH . . . PHYSICAL REVIEW C60 064613
our stochastic treatment of the wave-packet diffusion effe
the fragmentation is well described since the dynam
chooses one of the possible fragmentation channels stoc
tically @7,20#.

C. Preparing ground state of target nucleus

In the first stage of AMD and AMD-V simulations fo
nucleon-nucleus reactions, the ground state of the ta
nucleus is prepared using the cooling method. The equa
for this method is introduced by multiplying a complex fa
tor l1 im, m,0, to the right-hand side of the AMD equa
tion of motion of Eq.~2!. If the system follows this cooling
equation, the energy decreases with time. Starting with
domly chosenZ and solving this cooling equation, we reac
the ground state of the nucleus. The validity of this meth
for describing ground states of nuclei was shown in Ref.@4#.
However, we should note that the state of local minimu
energy, which is not the ground state, may be obtained f
cooling simulations. The27Al is just as a such case.

We applied this method to the27Al nucleus and obtained
two different states. Because of their values of deformat
parametersb andg, one has an oblate shape~STATE 1! and
the other has a prolate shape~STATE 2!. We chose STATE
1 as the ground state. The binding energy of STATE 1
lower by about 5 MeV than that of STATE 2 and reproduc
the experimental value of2225 MeV. It is known that
Hartree-Fock calculations give an oblate deformation
stable nuclei aroundA528. The oblate shape of STATE 1
rather exotic and seems to have at12a116O cluster struc-
ture „which will be seen in Fig. 3~a!….

III. RESULTS

A. Time evolution of reactions

We first describe the features of the time evolution of
reaction. Figures 1 and 2 are examples of the time evolu
of the density projected onto the reaction plane. Figures~a!
and 1~b! show the results of AMD simulations with bimp5
1.0 fm and 4.7 fm, respectively, and Figs. 2~a! and 2~b! show
the results of AMD-V simulations with bimp5 1.0 fm and
4.5 fm, respectively. In the case of the AMD results, a f
nucleons are emitted after a proton incidence and after a
80 fm/c, the change of a residual nucleus, which is sligh
deformed, is very slight with the time. On the other hand,
AMD-V, results drastically differ from AMD results. After a
proton incidence, a residual nucleus is greatly deformed,
splits into two fragments with bimp5 1.0 fm and four frag-
ments with bimp5 4.5 fm. Figures 3~a! and 3~b! show other
examples of AMD-V simulations with bimp5 0.0 and 4.0
fm, respectively. In the case of bimp5 0.0 fm, 5 nucleons
are emitted after a proton incidence and a residual nucleu
greatly deformed after nucleon emissions. It seems that
nucleon emissions in this example correspond to the sta
cal evaporation process. On the other hand, residual nuc
splits into two large fragments in the case of bimp5 4.0 fm.

Because the width of single-particle Gaussian wave pa
ets in AMD wave functions is fixed, the AMD wave functio
cannot describe the large deformation and the splitting
06461
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wave packets even though the nucleus is highly excit
Then, AMD has the characteristic that the nucleus har
decays in dynamical calculations. It seems that this cha
teristic is very prominent in this reaction compared to oth
heavy ion collisions@7#. On the other hand, effects of th
improvement in AMD-V, which are the inclusion of the e
fects of diffusion and the deformation of wave packets, dr
tically appear in this reaction. However, these decaying p
nomena proceed more slowly than those of heavy
collisions. For example, recent results of the central197Au
1197Au collision with E/A5150 MeV show that nuclei
break up into many fragments before 100 fm/c in AMD-V
simulations@8#. Therefore, the decaying phenomena in t
p127Al reaction at 180 MeV differ from the multiple frag
mentation in heavy ion collisions.

Figures 4~a! and 4~b! show the mass distributions of frag
ments in dynamical calculations with AMD and AMD-V
The results at times 120, 220, and 320 fm/c are shown. The
change in mass distributions in AMD calculations is ve
slight. The characteristic of AMD that the nucleus hard
decays in dynamical calculations again appears prominen
AMD produces fragments only ofA51 and 23–27. On the
other hand, the effect of the improvement of including t
deformation and the diffusion of wave packets appears
AMD-V calculations. At t5120 fm/c, fragments ofA51,

FIG. 1. Examples of the time evolution of the density project
onto the reaction plane fromt50 fm/c to 300 fm/c in a 180 MeV
p127Al reaction. The calculated results with AMD are shown f
impact parameters~a! bimp 5 1.0 fm and~b! bimp 5 4.7 fm.
3-3
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YOSHIHARU TOSAKA, AKIRA ONO, AND HISASHI HORIUCHI PHYSICAL REVIEW C60 064613
2, 4, 18, and 21–27 are already generated, durint
5120 fm/c and 220 fm/c, fragments ofA512220 are
generated in addition, and most kinds of fragments are g
erated up tot5320 fm/c.

Figure 5 shows the internal energy per nucleon of
matter part of the system, which is defined as

S E

AD
matter

5

(
k;Ak>5

Ek

(
k;Ak>5

Ak

, ~11!

wherek is the label of the fragments in all events.Ak andEk
are the mass number and the internal energy of the fragm
respectively, and the sum is taken for fragments withA
greater than 4. The internal energy in AMD calculations do
not change with time. On the other hand, it decreases slig
in AMD-V calculations. For comparison we also plotted t
results of the40Ca140Ca reaction calculated by Onoet al.
@7#. It can be understood that the 180 MeVp127Al reaction
is an example of low internal energies and, therefore, dec
ing phenomena proceed very slowly.

B. Comparison with data and with other models

Figures 6~a! and 6~b! show the mass distribution of frag
ments calculated with AMD and AMD-V. Dotted lines sho

FIG. 2. Examples of the time evolution of the density calcula
with AMD-V in the 180 MeV p127Al reaction are shown for im-
pact parameters~a! bimp 5 1.0 fm and~b! bimp 5 4.5 fm.
06461
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the results of dynamical calculations att5320 fm/c and
solid lines show the results after statistical decay calcu
tions. In AMD calculations, most kinds of fragments are ge
erated by statistical decay calculations. The mass distribu
after statistical decay calculations has a similar shape as
of dynamical calculations for fragments ofA<25 in
AMD-V. The mass distributions after statistical decay calc
lations are compared with the experimental data in Fig. 7~a!.
The difference between results of AMD and those
AMD-V is small and both results almost agree with expe
mental data, but the results of AMD-V agree slightly bet
than the results of AMD especially for fragments
A58212 and 23–26.

Results of QMD @21# are also shown in Fig. 7~b! for
comparison. In the QMD calculations, the Skyrme-type
teraction with parameters of the hard and the soft equatio
state and the Pauli potential were used. Detailed descript
of QMD are given in Refs.@22,23#. In dynamical calcula-
tions, QMD produces more kinds of fragments (A5126
and 17–27! but it gives rather similar results to AMD. Afte
statistical decay calculations, QMD reproduces the exp
mental data for fragments ofA516227. However, it
largely underestimates the cross sections for fragment
A56211.

d FIG. 3. Other examples of the time evolution of the dens
calculated with AMD-V in the 180 MeVp127Al reaction are
shown for impact parameters~a! bimp 5 0.0 fm and~b! bimp 5 4.0
fm.
3-4
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FIG. 4. Mass distribution of fragments att5120, 220, and 320 fm/c in dynamical calculations with~a! AMD and ~b! AMD-V.
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Figure 8 shows double differential spectra of residuaA
522 nuclei. Although both AMD and AMD-V underesti
mate the spectra in the high-energy region, they agree
with the experimental data in the energy range of less t
15 MeV. Although the difference between the results of
two models is small, it seems that AMD-V reproduces t
gradient of a cross section curve for 20° slightly better th
AMD. Figures 9~a! and 9~b! show differential spectra of re
sidual nuclei ofA512, 16, 22, and 24. In the case ofA
524, both models somewhat overestimate the spectra,
AMD-V gives slightly better results than AMD. In the cas
of A522, the production cross sections by both mod

FIG. 5. Internal energy per nucleon of the matter part of
system in events as a function of the time in the dynamical ca
lation of AMD ~squares! and AMD-V ~circles! for the 180 MeV
p127Al reaction. The results of the40Ca140Ca collision with en-
ergy of E/A535 MeV @7# are also shown~dotted lines! for the
comparison.
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agree with the experimental values. It seems that the AMD
reproduces the gradient of a cross section curve slightly
ter than AMD. In the case ofA512 and 16, both models
somewhat underestimate the spectra, but AMD-V closely
proximates the gradient of a cross section curve forA512.

Tang et al. have also calculated with differential an
double differential spectra of fragments in the 180 MeVp
127Al reaction by using the cascade1 the statistical decay
model and reproduced values close to our results@24#. Al-
though they gave excellent agreement with experimental d
by an improvement of the statistical decay model, the c
cade model based on classical mechanics and, thus, phy
contents in dynamical calculations were very different fro
our calculations.

IV. DISCUSSIONS

AMD has the characteristic that the nucleus hardly dec
in dynamical calculations as mentioned in the previous s
tion, but it gave similar results with AMD-V after statistica
decay calculations~AMD-V gave slightly better results than
AMD !. The reason is that AMD properly estimates the ex
tation energy in residual nuclei, which plays a major role
reproducing fragments in statistical decay calculatio
Therefore, if we need only final results~for example, the
mass distributions, etc.!, the use of AMD with the statistica
decay model may be good enough for this purpose.

On the other hand, the aspects of the dynamical calc
tions of AMD-V are very different from AMD calculations
Decaying phenomena in AMD-V dynamical calculatio
proceed slowly and differ from multifragmentation in hea
ion collisions. It is considerable that the various aspects
AMD-V dynamical calculations may describe the time ev
lution in processes of statistical decays. To see this point,
investigated the yield of the first and second heaviest fr

e
-
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FIG. 6. Mass distribution of fragments at the end of the dynamical calculation~dotted histogram! and after the statistical deca
calculation~solid histogram!. The results of~a! AMD and ~b! AMD-V are shown.
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ments in each event@Figs. 10~a! and 10~b!#. In Figs. 10~a!
and 10~b!#, the areas of the boxes are proportional to
yield. After statistical decay calculations, both AMD an
AMD-V give similar results. However, before statistical d
cay calculations, the results of AMD are very different fro
those of AMD-V. It seems that the distribution of boxes
AMD-V dynamical calculations is close to that of the fin
results and, thus, suggests that AMD-V can describe sta
cal decay processes.
06461
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We had to finish AMD-V dynamical simulations a
320 fm/c with 600 events, due to the calculation time lim
If we carry out dynamical calculations without the calcul
tion time limit, AMD-V may reproduce the final results i
Fig. 10~b! without statistical decay calculations. The ne
version of AMD-V, in which the triple loop approximation
was used for estimating matrix elements, was recently p
posed and demonstrated that it drastically reduced the ca
lation time @8#. Carrying out long duration and many eve
FIG. 7. ~a! Mass distribution calculated with AMD~dotted histogram! and with AMD-V ~solid histogram! after the statistical decay
calculation compared with the experimental data~circles! @13#. The results of QMD1 the statistical decay calculation@21# are also shown
in ~b! for the comparison. QMD results with parameter sets of the soft~dotted histogram! and the hard~solid histogram! equation of state are
shown.
3-6
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NUCLEON-INDUCED FRAGMENT FORMATION WITH . . . PHYSICAL REVIEW C60 064613
simulations using the new AMD-V may be an interesti
subject for the near future.

On the other hand, AMD-V dynamical reactions inclu
some processes which conceptually differ from the statist
decay process and examples of such are actually show
Figs. 2~b! and 3~b!. It seems that the intermediate states

FIG. 8. Measured and calculated double differential cross s
tions for fragments withA522 in the 180 MeVp127Al reaction.
The results of AMD~dotted histogram! and AMD-V ~solid histo-
gram! are shown. The measured data are from Ref.@13#.
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the residual nuclei in these events correspond to clu
structures in the well-known Ikeda diagram@25#. Various
cluster structures with proper excitation energies in the Ik
diagram may be found and the dynamics of the growth a
the formation of cluster structures may be realized
AMD-V dynamical calculations. This suggests that we m
find new physics in the various aspects of AMD-V dynam
cal reactions.

Furthermore, AMD and AMD-V are applicable for th
soft error phenomena in VLSI electronics. Secondary cos
ray neutrons induce soft errors in VLSI circuits at grou
level through nucleon-induced reactions@26# and the impor-
tance of this phenomena was recently recognized@30,31#.
The information ofn nucleus~especially forn128Si) reac-
tions with a medium neutron energy~20 MeV , En , 500
MeV! is important for the accurate estimates of neutro
induced soft error rates. In this phenomena, heavy recoil
clei which induce a large charge in a localized volum
(;1 mm3) in a silicon medium and, therefore, the simul
tion code which describes the nucleon-induced fragme
tion is needed. Thus, AMD and AMD-V are suitable mode
for such applications.

V. SUMMARY

In this paper, we investigated the 180 MeVp127Al reac-
tion using AMD and AMD-V to investigate properties o
fragment formations in medium-energy nucleon-induced
actions.

After statistical decay calculations, AMD-V gave slight
better results than AMD but both models reproduced exp
mental mass distributions, and the differential and dou
differential spectra of fragments in thep127Al reaction.

c-
ef.

FIG. 9. Measured and calculated differential cross sections for fragments with~a! A524 and 22 and with~b! A516 and 12 in the 180

MeV p127Al reaction. The results of AMD~dotted histogram! and AMD-V ~solid histogram! are shown. The measured data are from R
@13#.
3-7
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FIG. 10. Yield of pairs of first and second heaviest fragments in each event at the end of dynamial calculations~upper part! and after
statistical calculations~lower part!. The boxes are proportional to the yield. The results of~a! AMD and ~b! AMD-V are shown.
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Although both AMD and AMD-V gave similar result
after statistical decay calculations, the aspects in dynam
calculations of AMD-V were very different from AMD cal
culations. The AMD wave function cannot describe the la
deformation and the splitting of wave packets even thou
the nucleus is highly excited. This characteristic was v
prominent in the 180 MeVp127Al reaction. On the other
hand, the effects of the diffusion and the deformation
wave packets in AMD-V were found to be drastic. It w
shown that various aspects of nucleon-induced reaction
which residual nuclei decay into several fragments, appea
AMD-V calculations. These decaying phenomena proc
slowly, and thus differ from the multiple fragmentation
heavy ion collisions.

We investigated the yield of the first and second heav
fragments in each event in AMD and AMD-V calculation
and showed that the distribution of yields in AMD-V dy
namical calculations close to that of final results after sta
tical decay calculations. It suggested that AMD-V dynami
calculations describe the time evolution in processes of
tistical decays. Carrying out long duration and many ev
simulations to clarify this point using the new version
g.

s.
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AMD-V with the triple loop approximation may be an inte
esting subject for the near future.

In the reaction studied here, the simultaneous multifr
mentation did not take place since the excitation energy
the target nucleus is not sufficient. An interesting future s
ject is, therefore, to apply AMD and AMD-V to other reac
tion systems in which the excited nucleus can expand to
density. In this case, one of the possible fragmentat
mechanisms is the spinodal decomposition@27–29#, which
should reflect the property of the nuclear matter in the lo
density region.
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