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Comparison of clustering effects in 12C fragmentation among p112C, a112C,
and 14N112C reactions: Excitation of a-cluster degrees of freedom

in nuclear collisions

Hiroki Takemoto and Hisashi Horiuchi
Department of Physics, Kyoto University, Kyoto 606-01, Japan

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

~Received 5 September 1997!

We examine12C fragmentation inp112C, a112C, and14N112C reactions using antisymmetrized molecular
dynamics. We compare12C fragmentation among the above three kinds of reactions and find that the alpha-
clustering effect in12C fragmentation depends on the projectile and also on the incident energy. In proton
induced reactions4He fragments are scarcely produced at the early stage of the reaction in a wide range of
incident energy. On the other hand, ina and 14N induced reactions many4He fragments are produced during
the dynamical stage at a lower incident energy but fewer4He fragments are produced with increasing incident
energy. We indicate that this abundance of4He fragments at a lower incident energy ina and 14N induced
reactions is due to the excitation of12C to states with an excitation energy of 7–15 MeV which have the
alpha-cluster structure. We see that the upper limit of the incident energy which gives rise to the dynamical
production of4He fragments is lower in thea induced reaction than in the14N induced reaction. We show that
the excitation to the clustering states is caused by the mean field from the projectile and that nucleon-nucleon
collisions work to destroy this excitation. We will see that the disappearance of the excitation to the clustering
states at high incident energies is partly due to the weakened effect of the mean field of the projectile and partly
due to the strengthened effect of nucleon-nucleon collision processes.@S0556-2813~98!04702-5#

PACS number~s!: 25.70.Mn, 02.70.Ns, 21.60.Gx, 24.10.Cn
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I. INTRODUCTION

In heavy ion reactions, there are or there are expecte
be various kinds of mechanisms producing fragments,
coalescence, the participant-spectator mechanism, neck
mentation, bubble fragmentation, the liquid-vapor pha
transition, and so on@1#. Except for these mechanisms, w
can consider the mechanism reflecting the nuclear struc
Especially, in this paper we focus on the fragmentat
mechanism reflecting the alpha-cluster structure.

In general, self-conjugate 4n nuclei have anomalous ex
cited states with an excitation energy of 7–15 MeV, whi
are recognized to be generated by the change of the stru
from a shell-model-like one to a cluster one due to the a
vation of the clustering degrees of freedom@2#. In the 12C
case these anomalous levels including 02

1 at 7.65 MeV and
22

1 at 10.3 MeV have been recognized to have the 3a struc-
ture. Since the excitation energies of these levels are usu
near or above the threshold of the breakup into constitu
clusters, it is natural that the clustering effect is expected
play an important role in heavy ion reactions.

Microscopic simulation studies, such as Boltzman
Uehling-Uhlenbeck ~BUU!, Vlasoz-Uehling-Uhlenbeck
~VUU! @3# and quantum molecular dynamics~QMD! @4#
studies, are very useful for investigating various kinds
reaction mechanisms systematically. But only a few theo
ical studies of the mechanism reflecting the nuclear struc
exist because most current simulation theories are of a s
classical character and cannot describe quantum mecha
features such as the shell effect in heavy ion reactions.
570556-2813/98/57~2!/811~11!/$15.00
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tisymmetrized molecular dynamics~AMD ! can describe the
quantum character and the clustering degrees of freed
since it treats the time development of the system wave fu
tion @5–7#. Hence by using AMD we can study the fragme
tation related to the nuclear structure, especially the clu
structure in addition to many other mechanisms cited abo
Many experimental studies related to such a mechanism h
been reported, for example, the breakup of16O into 4a in
the collisions of 25 MeV/nucleon16O with 159Tb by Charity
et al. @8#, in the collisions of 32.5 MeV/nucleon16O with
197Au by Harmonet al. @9#, the breakup of20Ne in the col-
lisions of 40 MeV/nucleon20Ne with 197Au and 120Sn by
Charity et al. @10#, the breakup of24Mg in the collisions of
25 and 35 MeV/nucleon24Mg with 197Au by Samri et al.
@11#, and so on.

Recently we investigated the difference between12C and
14N fragmentation in the14N112C reaction at 35 MeV/
nucleon@12#. Since 12C and 14N have almost the same mas
number, if the fragmentation from each nucleus is differe
it indicates the existence of the fragmentation mechan
related to the nuclear structure. The calculated results w
as follows.

~1! 4He fragments from12C are more numerous tha
those from14N. This abundance from12C mainly originates
from the dynamical process, while4He fragments from14N
do not originate from the dynamical process but from t
statistical decay process.

~2! The energy spectrum of4He fragments from12C,
which are produced in the dynamical process, has the p
near the incident energy.
811 © 1998 The American Physical Society
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~3! 4He fragments from12C are produced most frequent
through semi-peripheral collisions during the dynamical p
cess.

~4! 12C breaks up into 3a particles with the largest prob
ability among all production events of4He fragments in the
dynamical process.

From the study of the excitation energy spectra of12C
before its breakup during the dynamical process, we c
cluded that the above features of12C fragmentation originate
from the activation of alpha-cluster degrees of freedom. T
excitation energy spectrum of12C before its breakup into
any fragmentsduring the dynamical process consists of tw
components, as is indicated by the solid line in Fig. 1. O
distributes in the range 7–15 MeV and the other in the ra
above 15 MeV. Most of the events of the former compon
are such events that12C breaks up into3a particlesduring
the dynamical process, as indicated by the dashed line in
1, and hence these excitation energies, 7–15 MeV, just
respond to the excited levels of12C which have the 3a-
cluster structure. Accordingly the features mentioned ab
are due to the excitation of12C to the states which have th
cluster structure.

In this paper we analyzep112C reactions at 26, 55, an
100 MeV, a112C ones at 22.5 and 35 MeV/nucleon, a
14N112C ones at 35 and 55 MeV/nucleon using antisymm
trized molecular dynamics. By comparing12C fragmentation
in three kinds of reactions, we investigate the projectile-m
and incident-energy dependence of the alpha-clustering
fect in 12C fragmentation. From these investigations w
make clear the effects of the mean field and nucleon-nuc
collision processes on the excitation of alpha-cluster deg
of freedom.

In the next section, we describe the AMD formalis
briefly. A comparison of the AMD results with the exper
mental data is given in Sec. III, and the incident-energy
pendence of12C fragmentation in14N, alpha, and proton
induced reactions is discussed in Sec. IV. Section V gi
the excitation energy spectra of12C before its breakup dur
ing the dynamical process and the evidence of the excita

FIG. 1. Excitation energy spectra of12C just before its breakup
during the dynamical process in14N112C at 35 MeV/nucleon. The
way to calculate the excitation energy of isolated12C is explained
in Sec. V. Solid and dashed lines indicate those just before
breakup of12C into any fragments and 3a particles, respectively.
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of alpha-cluster degrees of freedom. In Sec. VI we show t
the excitation of12C to its clustering excited states is caus
by the mean field of the projectile and that nucleon-nucle
collisions work to destroy this excitation. Section VII gives
discussion of the4He-multiplicity channel. In Sec. VIII we
discuss the excitation of12C compound states by showin
the excitation energy spectra of12C at the end of the dynami
cal process. In Sec. IX we give a summary and conclusio

II. BRIEF EXPLANATION OF AMD FORMALISM

The formalism of AMD was described in detail in Re
@5#, and only the outline of AMD is explained below. I
AMD, the wave function of theA-nucleon systemuF& is
described by a Slater determinant

uF&5
1

AA!
det@w i~ j !#, ~1!

where

w i5fZi
xa i

~a i5p↑,p↓,n↑,n↓ ! ~2!

and

fZi
5S 2n

p D 3/4

expF2nS r2
Z i

An
D 2

1
1

2
Z i

2G . ~3!

xa i
andfZi

represent the spin-isospin wave function and

spatial wave function of thei th single-particle state, respec
tively. n is the width parameter which is independent of tim
and in the following calculationsn50.16 fm22. Z5$Z i%
represent the positions of the centers of Gaussians and, th
fore, theA-body wave functionuF& is parametrized byZ.
The time development ofZ is determined by the time
dependent variational principle which leads to the followi
equation of motion forZ:

i\(
j t

Cis j t

d

dt
Zj t5

]H
]Zis*

and c.c., ~4!

Cis j t5
]2

]Zis* ]Zj t

ln^F~Z!uF~Z!&, ~5!

wheres,t5x,y,z andH is the expectation value of Hamil
tonian H by the use ofuF&. In this paper we adopted th
Gogny force@13# as the effective central force in the Hami
tonian. The Gogny force contains a finite-range two-bo
force and a density-dependent zero-range repulsive force
it gives a momentum-dependent mean field. The binding
ergies of4He, 12C, and 14N are calculated to be 28.3 MeV
92.1 MeV, and 108.3 MeV, respectively, which are ve
close to their observed values, 28.3 MeV, 92.2 MeV, a
104.7 MeV, respectively.

When we apply AMD to heavy ion reactions, nucleo
nucleon collision processes should be incorporated. In AM
as in QMD, two nucleons scatter stochastically when
spatial distance between them is small. But because of
effect of antisymmetrization, the centers of the GaussianZ
do not always have meaning as the positions and momen

e
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57 813COMPARISON OF CLUSTERING EFFECTS IN12C . . .
nucleons. So we have to transform the coordinatesZ to the
physical coordinatesW5$W i% which can be interpreted a
the positions and momenta of nucleons,

W i5(
j 51

A

~AQ! i j Z j , ~6!

where

Qi j 5
]

]~Z i* •Z j !
ln^F~Z!uF~Z!&. ~7!

The real partRi and the imaginary partPi of W i ,

W i5AnRi1
i

2\An
Pi , ~8!

can be treated as physical positions and momenta of nu
ons, respectively, in two-nucleon collisions. So in AM
when the physical positionsRi and Rj of two nucleons be-
come close, two-nucleon collisions can occur andW5$W i%
changes intoW85$W8i%. We have to calculate the time de
velopment ofZ after two-nucleon collisions have occurre
So we must retransformW8 into Z8. But it can happen tha
there do not exist the coordinatesZ8 corresponding toW8. If
this situation occurs, this two-nucleon collision is not re
ized. We call thoseW8 which have no correspondingZ8
Pauli forbidden and others Pauli allowed. The above defi
tion of the Pauli forbidden and allowed regions is the ext
sion of that of the time-dependent cluster model@14#. This is
the picture of the Pauli principle in AMD. In AMD the fer
mionic nature of nucleons is exactly treated, because
wave function of anA-body system is antisymmetrized by
Slater determinant. Hence the Pauli principle has been f
incorporated.

We use the in-medium nucleon-nucleon cross sec
sNN5min$sNN

f ,sNN
d %, the same as in Ref.@15#. HeresNN

f

are based on the data of free cross sections and are pa
etrized as

spn
f 5max$13335~E/MeV!21.125,40% mb, ~9!

spp
f 5snn

f 5max$4445~E/MeV!21.125,25% mb, ~10!

andsNN
d is the density-dependent cross section and is gi

as

spn
d 5spp

d 5snn
d 5

100 mb

11E/~200 MeV!1C min$~r/r0!1/2,1%
~11!

wherer0 is the normal density and the parameterC controls
the reduction of the cross section due to the medium ef
and is taken here asC52. The angular distribution o
proton-proton and neutron-neutron collisions is assume
be isotropic while that of proton-neutron collisions is tak
as

dspn

dV
}102a~p/22uu2p/2u!, ~12!
le-

-

i-
-

e
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n

m-

n

ct

to

a5
2

p
max$0.333 ln@E/~1 MeV!#21,0%. ~13!

We calculate the time development of the system w
AMD until a certain timet5tSW when produced fragment
are thermally equilibrated. At this time many excited fra
ments exist, and these thermally equilibrated fragme
evaporate particles org rays with a long time scale. We
calculate the evaporation process aftertSW by a multistep
statistical decay code@16# which is similar to the code of
Pühlhofer @17#. In this paper we taketSW 150 fm/c and, in
the following, call the process beforetSW ‘‘the dynamical
process’’ and the one aftertSW ‘‘the statistical decay pro-
cess.’’ In this paper we simulate the reactions ofp112C at
26, 55, and 100 MeV anda112C at 22.5 and 35 MeV/
nucleon, and14N112C at 35 and 55 MeV/nucleon and w
calculate about 20 000 events in each reaction.

III. COMPARISON OF AMD RESULTS
WITH EXPERIMENTAL DATA

In order to examine the reliability of AMD calculations
we compare AMD results for the production cross sectio
of fragments with the experimental data forp112C at 55
MeV @18#, a112C at 22.5 MeV/nucleon@19#, and 14N
112C at 35 MeV/nucleon@20# in Fig. 2. The solid and
dashed lines indicate the AMD results and the experime
data, respectively. The AMD calculations reproduce the
perimental data well in the whole mass range, except for
production cross section of fragments withA57, in all reac-
tions.

IV. MASS DISTRIBUTIONS

In this section, by comparing mass distributions from12C
fragmentation at different incident energies and/or for diff
ent projectiles, we investigate how the excitation of alph
cluster degrees of freedom depends on the incident en
and/or projectile.

Figure 3 shows mass distributions from12C fragmenta-
tion in 14N induced reactions at 35 and 55 MeV/nucleon.
shown in the right panel, intermediate-mass fragments
slightly more produced and nucleons are more emitted a
MeV/nucleon than at 35 MeV/nucleon after statistical dec
This abundance of intermediate-mass fragments and nu
ons at higher incident energy is a natural result due to
larger input energy to the system. However, as far as4He
fragments are concerned, one finds that the production c
section at 35 MeV/nucleon is larger than that at 55 Me
nucleon. This abundance of4He fragments at lower inciden
energy cannot be explained by the above conjecture.
shown in the left panel, the feature mentioned above
comes clearer before statistical decay. Especially,4He frag-
ments are much more produced by the dynamical proces
35 MeV/nucleon than at 55 MeV/nucleon and, moreover,
production cross section of fragments withA58, which are
almost 8Be fragments, runs out in neighboring mass fra
ments at 35 MeV/nucleon and this phenomenon is not s
at 55 MeV/nucleon. Accordingly, it is expected that alph
cluster degrees of freedom in the12C nucleus are more easil
excited at lower incident energy during the dynamical p
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FIG. 2. Mass distribution in thep112C reaction at 55 MeV, isotope distributions in thea112C at 22.5 MeV/nucleon, and those in th
14N112C reactions at 35 MeV/nucleon. Solid lines indicate the AMD calculations and dashed lines indicate the experimental data
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Figure 4 shows mass distributions in alpha induced re

tions at 22.5 and 35 MeV/nucleon. As common as in14N
induced reactions, slightly fewer intermediate-mass fr
ments are produced and more4He fragments are produce
after statistical decay in the lower incident-energy react
and this difference is more pronounced before statistical
cay. Furthermore, the production cross section of fragme
with A58 also runs out in neighboring mass fragments
fore statistical decay. From the above results, we get
c-

-

n
e-
ts
-
e

same conclusion as in the case of14N-projectile reactions;
namely, we conclude that also in thea induced reaction
alpha-cluster degrees of freedom in the12C nucleus are more
easily excited during the dynamical process and4He frag-
ments become abundant at lower incident energy. Ano
distinct difference between the two incident energies in alp
induced reactions is that the production cross sections
fragments aboveA512 at 22.5 MeV/nucleon are muc
larger than those at 35 MeV/nucleon. This is not clearly se
in 14N induced reactions. Since the lower incident energy
FIG. 3. Mass distributions from12C fragmentation in14N112C at 35 MeV/nucleon~solid lines! and 55 MeV/nucleon~dashed lines!. Left
and right panels show those before and after statistical decay, respectively.
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FIG. 4. Mass distributions ina induced reactions at 22.5 MeV/nucleon~solid line! and 35 MeV/nucleon~dashed line!. Left panel and
right panels indicate those before and after statistical decay, respectively.
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14N induced reactions is 35 MeV/nucleon, and is larger th
the lower incident energy, 22.5 MeV/nucleon, in alpha
duced reactions, it is natural that the transfer reaction m
easily occurs at lower incident energy, namely, smaller re
tive velocity.

Mass distributions in proton induced reactions at 26 Me
55 MeV, and 100 MeV are shown in Fig. 5. As shown in t
right panel, one finds that the mass distribution after stat
cal decay at 26 MeV is quite different from those at 55 a
100 MeV which are almost the same as each other. At
lowest incident energy fewer intermediate-mass fragme
are produced; namely,12C fragmentation hardly occurs at 2
MeV compared with the reactions at the other two incid
energies. However, the production cross section of4He frag-
ments at 26 MeV is larger than those at 55 and 100 M
One might think that alpha-cluster degrees of freedom
more easily excited during the dynamical process at lo
incident energy as in the case ofa and 14N induced reactions
but this is not true. As shown in the left panel, not only t
production cross section of intermediate-mass fragments
also that of4He fragments before statistical decay becom
smaller with decreasing incident energy. This indicates t
n
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the abundance of4He fragments after statistical decay
lower incident energy does not result from the dynami
process but from the statistical decay process, which is
ferent from the result obtained in alpha and14N induced
reactions where the abundance of4He fragments in12C frag-
mentation at lower incident energy results from the dyna
cal process.

V. EXCITATION ENERGIES OF 12C DURING THE
DYNAMICAL PROCESS

In the previous section, it is made clear that more4He
fragments are produced at lower incident energies in all th
kinds of projectile reactions, but its mechanism in prot
induced reactions is different from that in alpha and14N
induced reactions. The abundance of4He fragments at lower
incident energy in alpha and14N induced reactions mainly
results from the dynamical process; on the other hand, tha
proton induced reactions mainly results from the statisti
decay process. In this section we present definite evide
that alpha-cluster degrees of freedom are excited during
dynamical process in alpha and14N induced reactions by
FIG. 5. Mass distributions in proton induced reactions at 26 MeV~solid line!, 55 MeV ~dashed line!, and 100 MeV~dot-dashed line!. Left
and right panels indicate those before and after statistical decay, respectively.
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showing the excitation energy spectra of12C just before its
breakup into any fragments during the dynamical proces

The excitation energy of the isolated12C is calculated at
each time step in the AMD simulations from the centers
Gaussians$Z% which originally constituted the initial ground
state of12C and Fig. 6 displays the excitation energies of12C
just before its breakup into any fragments during the dyna
cal stage in proton,a, and 14N induced reactions. As see
clearly, the proton induced reaction is quite different fro
the other two kinds of projectile reactions. Ina and 14N
induced reactions at lower incident energies the excita
energy spectra of12C just before its breakup into any frag
ments during the dynamical stage have two compone
namely, one distributes in the region of 7–15 MeV and
other distributes in the region above 15 MeV. On the ot

FIG. 6. Excitation energy spectra of12C just before its breakup
into any fragments during the dynamical process. Upper pa
shows those in the proton induced reaction at 26 MeV~solid line!,
55 MeV ~dashed line!, and 100 MeV~dot-dashed line!. Middle
panel shows those in the alpha induced reaction at 22.5 M
nucleon ~solid line! and 35 MeV/nucleon~dashed line!. Lower
panel shows those in the14N induced reaction at 35 MeV/nucleo
~solid line! and 55 MeV/nucleon~dashed line!.
f
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hand, those in proton induced reactions have only the la
component even at lower incident energy. Since the form
component just corresponds to the energy region of the
cited levels of12C which have the 3a cluster structure, it is
expected that alpha-cluster degrees of freedom are excite
a- and 14N-projectile reactions at lower incident energy du
ing the dynamical process. On the other hand, in proton
duced reactions, even at the lowest incident energy, it is h
for alpha-cluster states to be excited during the dynam
process and it is expected that shell-model-like excited st
are mainly excited since the rising point of the latter comp
nent roughly corresponds to the threshold of one-nucl
emission from12C nucleus.

This former component, which is related to the excitati
of alpha-cluster degrees of freedom, disappears at highe
cident energies in alpha and14N induced reactions. This sug
gests that there is a border where alpha-cluster degree
freedom are excited or not and this boundary incident ene
is dependent on projectiles. In the alpha induced reaction
boundary incident energy exists between 22.5 MeV/nucle
and 35 MeV/nucleon, while in the14N induced reaction it
exists between 35 MeV/nucleon and 55 MeV/nucleon.

VI. MEAN-FIELD EFFECT ON THE EXCITATION
OF ALPHA-CLUSTER DEGREES OF FREEDOM

We consider that the excitation of alpha-cluster degree
freedom is caused by the mean-field effect from the proj
tile. Namely, we consider that the mean field from the p
jectile excites12C to the states which have the alpha-clus
structure. On the other hand, nucleon-nucleon collision p
cesses destroy the activation of the alpha clustering in
12C nucleus. We can examine this conjecture within t
AMD framework by switching off nucleon-nucleon collisio
processes.

Figure 7 displays the excitation energy spectra of12C just
before its breakup into any fragments during the dynam
process with and without nucleon-nucleon collision pr
cesses, which are indicated by solid and dashed lines, res
tively. The upper and lower panels show those in14N in-
duced reactions at 35 and 55 MeV/nucleon, respectively.
comparing the solid and dashed lines, we can say that
excitation of 12C to the states whose excitation energies
7–15 MeV is caused by the mean field from the projec
while nucleon-nucleon collision processes reduce this e
tation. It should be noted that the mean field excites alp
cluster degrees of freedom not only at 35 MeV/nucleon
also at 55 MeV/nucleon. However, the peak height witho
nucleon-nucleon collisions at 35 MeV/nucleon is higher th
that at 55 MeV/nucleon. This can be interpreted in terms
the interaction time. At 35 MeV/nucleon14N has a slower
relative velocity compared with the case at 55 MeV/nucle
and so the12C nucleus can ‘‘feel’’ the mean field from th
14N nucleus for a longer time. As a result, the mean-fie
effect at 35 MeV/nucleon becomes larger than that at
MeV/nucleon.

With inclusion of nucleon-nucleon collisions, the excit
tion of 12C to the excitation energy region 7–15 MeV
largely reduced. At 35 MeV/nucleon the component from
to 15 MeV survives due to the large effect of the mean fie
on the other hand, at 55 MeV/nucleon this component dis
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57 817COMPARISON OF CLUSTERING EFFECTS IN12C . . .
pears due to the weaker effect of the mean field and
stronger effect of nucleon-nucleon collision processes.

Furthermore, one can see that the component above
MeV is generated by nucleon-nucleon collision processes
the previous section we have shown that the boundary i
dent energy where alpha-cluster degrees of freedom are
cited or not depends on the projectile. This dependenc
the boundary incident energy is interpreted in the term of
mean-field effect. Since the14N nucleus has a larger mean
field effect than thea particle, the14N projectile can excite
alpha-cluster degrees of freedom in the12C nucleus even for
a shorter interaction time compared with thea projectile. As

FIG. 7. Excitation energy spectra of12C just before its breakup
into any fragments during the dynamical process. Upper and lo
panels show those in14N induced reactions at 35 and 55 MeV
nucleon, respectively. Solid and dashed lines indicate those
and without nucleon-nucleon collision processes, respectively.
e

15
In
i-
x-

of
e

a result, the boundary incident energy in the14N-projectile
reaction is higher than that in thea-projectile reaction.

VII. 4He-MULTIPLICITY CHANNELS

In our previous paper@12# we indicated that the abun
dance of 4He fragments from12C fragmentation compared
with 14N fragmentation mainly results from the process
12C→3a during the dynamical process. In this section w
analyze the production of4He fragments in terms o
4He-multiplicity channels.

Table I shows multiplicity-channel cross sections of4He
fragments classified by the multiplicity of4He fragments
before and after statistical decay in the14N induced reaction
at 35 MeV/nucleon and 55 MeV/nucleon. The gains of t
cross sections after statistical decay compared with the o
before statistical decay are also given. The total produc
cross sections of4He fragments are also listed in the la
line, which are obtained from the sum of multiplicity
channel cross sections multiplied by their multiplicity of4He
fragments. The difference of the total production cross s
tion of 4He fragments before statistical decay between t
incident energies is about 580 mb and that after statist
decay is about 490 mb. From this, we see that the abund
of 4He fragments at 35 MeV/nucleon mainly results from t
dynamical process, which is consistent with the results
tained previously. By comparing multiplicity-channel cro
sections between two incident energies, we find that
channel cross section of multiplicity 3 events at 55 Me
nucleon is extremely small while the multiplicity 3 chann
makes a significant contribution to the abundance of4He
fragments at lower incident energy in the14N induced reac-
tion. Moreover, from the gain of the multiplicity 3 channe
we see that the statistical component of the multiplicity
events plays a minor role in the production of4He fragments
and its amount is almost the same at both incident energ
This means that the abundance of4He fragments at lower
incident energy is caused by the multiplicity 3 events dur
the dynamical process, which is consistent with the res
obtained in the previous paper@12#.

Table II shows multiplicity-channel cross sections in a
pha induced reactions at 22.5 and 35 MeV/nucleon in
same manner as in Table I. With respect to the total prod
tion cross section of4He fragments the difference betwee
two incident energies before statistical decay is about
mb and that after statistical decay becomes about 280

er

th
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he ones
e.
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TABLE I. Multiplicity-channel cross sections~in units of mb! classified by the multiplicity of4He
fragments in14N induced reactions at 35 MeV/nucleon and 55 MeV/nucleon. Those before and after
tical decay are listed, together with the gains of cross sections after statistical decay compared to t
before statistical decay. The total production cross sections of4He fragments are also shown in the last lin

4He-multiplicity 14N112C at 35 MeV/nucleon 14N112C at 55 MeV/nucleon
channel Before decay After decay Gain Before decay After decay Ga

1 120.7 152.4 31.7 82.9 173.3 90.4
2 98.5 200.5 102.0 63.8 184.0 120.2
3 175.2 207.2 32.0 17.0 49.2 32.2

Cross section 843 1175 332 261 689 428
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TABLE II. Multiplicity-channel cross sections~in units of mb! of each4He multiplicity events in alpha
induced reactions at 22.5 MeV/nucleon and 35 MeV/nucleon. The total production cross section o4He
fragments is shown in the last line.

4He-multiplicity a112C at 22.5 MeV/nucleon a112C at 35 MeV/nucleon
channel Before decay After decay Gain Before decay After decay Ga

1 17.5 49.7 32.2 20.8 61.5 40.7
2 13.5 48.5 35.0 7.66 85.6 77.9
3 80.4 216.3 135.9 30.7 125.3 94.6
4 24.5 21.9 22.6 1.02 0.13 20.89

Cross section 384 883 499 132 609 477
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Since the difference between the total production cross
tion before and after statistical decay is almost the same
the gains from the statistical decay process are also simila
each other, the abundance of4He fragments at lower inci-
dent energy in the alpha induced reaction mainly results fr
the dynamical process, which is the same result as in
14N-projectile reaction. Moreover, before statistical dec
the channel cross sections of multiplicity 1 and 2 events
the reaction at 22.5 MeV/nucleon are comparable to thos
the reaction at 35 MeV/nucleon but the channel cross sec
of multiplicity 3 events at 22.5 MeV/nucleon is much larg
than that at 35 MeV/nucleon. So we see clearly that th
multiplicity 3 events during the dynamical process causes
abundance of4He fragments at lower incident energy in th
alpha induced reaction. As far as the statistical decay pro
is concerned, in the reaction at 22.5 MeV/nucleon, the m
tiplicity 3 events are still important because their gain fro
the statistical decay process is much larger compared to
of other multiplicity events. This is a very different featu
from the case in14N induced reactions. The reason for th
fact will be given in terms of excitation energies of12C at the
end of the dynamical process in Sec. VIII. In addition, the
is a certain amount of multiplicity 4 events in the alpha
duced reaction at 22.5 MeV/nucleon. This suggests that
production mechanism of4He fragments via the compoun
nucleus, which is formed by the capture of the incident alp
particle by the12C nucleus, appears at lower incident ener
and this process becomes non-negligible. Note that we
only count alpha particles scattered backward in the nucle
nucleon center-of-mass system.

Table III lists multiplicity-channel cross sections of4He
fragments and the total production cross sections of4He
fragments in proton induced reactions at 26, 55, and
MeV, in the same manner as in Tables I and II, but o

TABLE III. Cross sections~in units of mb! of each4He multi-
plicity events after statistical decay in proton induced reaction
26 MeV, 55 MeV, and 100 MeV.

Multiplicity p112C
of 4He fragments at 26 MeV at 55 MeV at 100 MeV

1 7.6 25.1 23.5
2 6.8 28.2 38.8
3 92.3 39.4 21.5

Cross section 298 200 166
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cross sections after statistical decay are listed because4He
fragments are scarcely produced before statistical decay
indicated in Fig. 5. The production cross sections of4He
fragments become smaller with increasing incident ener
but we should recall that the source of the abundance of4He
fragments at 26 MeV is due to the statistical decay proce
which is different from the case ina and 14N induced reac-
tions. It is clearly seen in Table III that the abundance of4He
fragments at the lowest incident energy results from the m
tiplicity 3 channel. The channel cross section of multiplici
3 events after statistical decay becomes larger as the inci
energy decreases and the channel cross sections of mult
ity 1 and 2 events become negligible at 26 MeV. This su
gests that the breakup of the12C nucleus into 3a particles by
the statistical decay process becomes important for4He pro-
duction at the lowest incident energy. On the other hand,
cross sections of multiplicity 1 and 2 events become large
high incident energies. This result is regarded as being n
ral in the following way. At higher incident-energy collision
12C nuclei more easily break up during the dynamical p
cess, and if the12C nucleus emits only a nucleon befo
statistical decay, it cannot break up into 3a particles any
longer by the statistical decay process. So the contributio
equilibrated fragments at the end of the dynamical proc
becomes important for the production of4He fragments in
the proton induced reaction at high incident energies. F
thermore, as will be shown in Fig. 8, there exist highly e
cited 12C nuclei at the end of the dynamical process a
these nuclei are expected to make a contribution to the m
tiplicity 1 and 2 channels at high incident energies.

VIII. EXCITATION OF COMPOUND STATES OF 12C

The excitation energy spectra of12C at the end of the
dynamical process, namely, att5tSW, are shown in Fig. 8.
The left panel shows those in proton induced reactions
the solid, dashed, and dot-dashed lines indicate those a
MeV, 55 MeV, and 100 MeV, respectively. One finds imm
diately that there are two distinct features. The first one
that more12C nuclei are excited in the region of 5–20 Me
with decreasing incident energy. These low excited12C nu-
clei are expected to break up into 3a particles, and as a
result, the channel cross section of multiplicity 3 events
comes larger with decreasing incident energy, as is show
Table III, and this sequential statistical decay process
12C→3a increases the abundance of4He fragments in the
lowest incident-energy reaction compared with high

at
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FIG. 8. Excitation energy spectra of12C at the end of the dynamical process. Left panel shows those in proton induced reaction
~solid line!, 55 ~dashed line!, and 100 MeV~dot-dashed line!. Middle panel shows those in alpha induced reactions at 22.5 MeV/nuc
~solid line! and 35 MeV/nucleon~dashed line!. Right panel shows those in14N induced reactions at 35 MeV/nucleon~solid line! and 55
MeV/nucleon~dashed line!.
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incident-energy reactions. The second feature appears in
high excitation energy region. Because of the small in
energy into the system, the12C nucleus is not so highly
excited in the reaction at 26 MeV. In contrast, the12C
nucleus is excited up to about 50 MeV in the reactions at
and 100 MeV and saturation of the excitation energies of12C
nuclei is seen. In the reaction at 100 MeV it is possible
the 12C nucleus to be excited in the region above 50 Me
but the excitation energy spectrum at 100 MeV incident
ergy distributes only below 50 MeV. This, we think, is a
important reason why the mass distributions at 55 MeV a
100 MeV are similar to each other after statistical decay
was indicated by the right panel in Fig. 5. This kind of sa
ration of the excitation energy is also seen in alpha and14N
induced reactions, as is shown in the middle and right pan
The saturation energies in proton-, alpha-, and14N-projectile
reactions are 50, 65, and 95 MeV, respectively. From th
results, we suggest that saturation of the excitation energ
the 12C nucleus depends on the projectile, and the larger
projectile mass is, the higher the saturation energy of12C
becomes.

In the middle panel, we show the excitation energy sp
tra of 12C at the end of the dynamical process (t5tSW) in
alpha induced reactions at 22.5~solid line! and at 35 MeV/
nucleon~dashed line!. The same features as in the case
proton induced reactions are clearly seen. Excited12C nuclei
at the end of the dynamical process in the collisions at 2
MeV/nucleon are more populated in the region from abou
MeV to 20 MeV than in the collisions at 35 MeV/nucleo
Reflecting this result, the statistical decay process of the m
tiplicity 3 events makes a relatively large contribution to t
production of4He fragments in the alpha induced reaction
22.5 MeV/nucleon, as is shown in Table II. Moreover, mo
highly excited 12C nuclei are produced at 35 MeV/nucleo
compared with the case at 22.5 MeV/nucleon. This is one
the reasons why the statistical components of the multipli
2 events have a larger contribution in the higher incide
energy reaction. In addition, as is shown in Fig. 4, mo
intermediate-mass fragments withA59 – 11 are produced
during the dynamical process at higher incident energy,
these fragments reduce the larger contribution of the mu
the
t
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plicity 2 events by the statistical decay process in the hig
incident-energy reaction.

The right panel shows excitation energy spectra of12C at
the end of the dynamical process (t5tSW) in 14N induced
reactions at 35 MeV/nucleon~solid line! and at 55 MeV/
nucleon~dashed line!. Excited 12C nuclei at the end of the
dynamical process at both incident energies are almost
same as each other. By reflecting this similarity, the chan
cross sections of the multiplicity 3 events from the statisti
decay process have almost the same value in the14N induced
reaction at both incident energies, as is shown in Table I,
the lack of excited12C in the region of 5–20 MeV reduce
the statistical component of multiplicity 3 channel. But w
cannot conclude that the multiplicity 3 events from the s
tistical decay process are always minor contributions in14N
induced reactions without further investigation of the low
incident-energy reactions. In spite of this similarity the mu
tiplicity 1 and 2 events due to the statistical decay proc
are more frequent at 55 MeV/nucleon than those at 35 M
nucleon, as shown in Table I. This is caused by
intermediate-mass fragments produced during the dynam
process, more of which are produced at 55 MeV/nucle
than those at 35 MeV/nucleon.

IX. SUMMARY AND CONCLUSION

We have analyzed12C fragmentation in proton, alpha
and 14N induced reactions at two or three incident energ
using the AMD method. More4He fragments are produce
at lower incident energy in all three kinds of projectile rea
tions. But the source of the abundance of4He fragments at
lower incident energy is different among the three projec
reactions. In alpha and14N induced reactions this mainly
results from the dynamical process, while in proton induc
reactions this mainly results from the statistical decay p
cess. In alpha and14N induced reactions at lower inciden
energy, the excitation energy spectra of12C just before its
breakup into any fragments during the dynamical proc
have a component whose peak is located around 10 MeV
this component disappears at higher incident energy. S
this energy region corresponds to the excited levels of12C
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which are recognized to have the 3a cluster structure, it is
expected that the alpha-cluster degrees of freedom are
cited during the dynamical process in the lower incide
energy reaction. On the other hand, in proton induced re
tions this component of the excitation energy spectra is
seen at all incident energies. This suggests that it is hard
alpha-cluster degrees of freedom to be excited during
dynamical process in the proton induced reaction even
lower incident energy. Accordingly we conclude that the e
citation of alpha-cluster degrees of freedom during the
namical process depends on the incident energy and/o
projectile.

Furthermore, the boundary of the incident energy whet
alpha-cluster degrees of freedom are excited or not du
the dynamical process is different between alpha-
14N-projectile reactions. The boundary incident energies
alpha and14N induced reactions are around 30 MeV/nucle
and 40 MeV/nucleon, respectively. This shows that
boundary incident energy is also dependent on the projec

We have investigated the character of the excitation
alpha-cluster degrees of freedom during the dynamical p
cess which results from the mean-field effect. We have d
this investigation by switching off the nucleon-nucleon c
lision processes within the framework of the AMD metho
When the nucleon-nucleon collision processes are switc
off, the excitation energy spectra of12C have proved to have
only one component which covers the excitation energy
gion of 7–20 MeV with a peak around 10 MeV in14N in-
duced reactions at both incident energies. This suggests
alpha-cluster degrees of freedom are excited due to
mean-field effect. Furthermore, the peak height of the e
tation energy spectrum of12C without nucleon-nucleon col
lisions becomes smaller for higher incident energy. The
duction of the peak height for higher incident energy can
interpreted to be due to the weakened effect of the projec
mean field for the shorter interaction time. We can conclu
that the mean field of the projectile causes the excitation
us
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12C to its clustering excited states while the two-nucle
collision process works to destroy this excitation and that
disappearance of the excitation to the clustering states at
incident energies is partly due to the weakened effect of
projectile mean field and partly due to the strengthened ef
of the two-nucleon collision process.

As the mass of the projectile becomes larger, the me
field effect becomes larger and it is easy for alpha-clus
degrees of freedom to be excited during the dynamical p
cess. In proton-projectile reactions the proton gives so sm
a mean-field effect to the12C nucleus that alpha-cluster de
grees of freedom are hard to be excited during the dynam
process. The dependence of the boundary incident energ
the projectile is also interpreted in terms of the mean-fi
effect. Since the14N nucleus has a larger mean-field effe
on the 12C nucleus compared with the alpha particle, t
mean field from the14N nucleus can excite alpha-cluste
degrees of freedom within a shorter interaction time co
pared with thea-projectile case; namely, the14N projectile
can excite alpha-cluster degrees of freedom with a hig
relative velocity compared with thea projectile. Accord-
ingly, the boundary incident energy in the14N-projectile re-
action is higher than that in the alpha-projectile reactio
Consequently there is a possibility that alpha-cluster deg
of freedom are excited during the dynamical process eve
the proton-projectile reaction if the incident energy is mu
lower than the lower incident energy analyzed here. As
incident energy decreases, the wavelength of the incid
proton becomes larger, but since the state of the incid
proton is described by a Gauss packet with a fixed width
AMD, this effect is not included in the calculations here. It
a future problem whether the proton with lower incident e
ergy cannot really excite alpha-cluster degrees of freed
during the dynamical process.

Most of the calculations for this research project we
performed with the Fujitsu VPP500 of RIKEN, Japan.
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