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We examine!?C fragmentation irp+12C, o+ 2C, andN+%C reactions using antisymmetrized molecular
dynamics. We compar&C fragmentation among the above three kinds of reactions and find that the alpha-
clustering effect in'?C fragmentation depends on the projectile and also on the incident energy. In proton
induced reactionéHe fragments are scarcely produced at the early stage of the reaction in a wide range of
incident energy. On the other hand,dnand **N induced reactions man§He fragments are produced during
the dynamical stage at a lower incident energy but fetke fragments are produced with increasing incident
energy. We indicate that this abundance*sfe fragments at a lower incident energydnand *“N induced
reactions is due to the excitation 6fC 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 of*He fragments is lower in the induced reaction than in th¥N 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 procd$#556-28188)04702-3

PACS numbgs): 25.70.Mn, 02.70.Ns, 21.60.Gx, 24.10.Cn

[. INTRODUCTION tisymmetrized molecular dynami¢dMD) can describe the
quantum character and the clustering degrees of freedom,

In heavy ion reactions, there are or there are expected tsince it treats the time development of the system wave func-
be various kinds of mechanisms producing fragments, likaion [5—7]. Hence by using AMD we can study the fragmen-
coalescence, the participant-spectator mechanism, neck fratation related to the nuclear structure, especially the cluster
mentation, bubble fragmentation, the liquid-vapor phasestructure in addition to many other mechanisms cited above.
transition, and so ofil]. Except for these mechanisms, we Many experimental studies related to such a mechanism have
can consider the mechanism reflecting the nuclear structureeen reported, for example, the breakup'®® into 4« in
Especially, in this paper we focus on the fragmentationthe collisions of 25 MeV/nucleoR®O with *%°Tb by Charity
mechanism reflecting the alpha-cluster structure. et al. [8], in the collisions of 32.5 MeV/nucleo®O with

In general, self-conjugaterdnuclei have anomalous ex- °’Au by Harmonet al. [9], the breakup of°Ne in the col-
cited states with an excitation energy of 7—15 MeV, whichlisions of 40 MeV/nucleon®Ne with *°’Au and *2%Sn by
are recognized to be generated by the change of the structu@harity et al.[10], the breakup of*Mg in the collisions of
from a shell-model-like one to a cluster one due to the acti25 and 35 MeV/nucleor*Mg with °’Au by Samriet al.
vation of the clustering degrees of freedd®]. In the 1C  [11], and so on.
case these anomalous levels including & 7.65 MeV and Recently we investigated the difference betweééd and
25 at 10.3 MeV have been recognized to have thesfuc- N fragmentation in the'*N+*2C reaction at 35 MeV/
ture. Since the excitation energies of these levels are usuallyucleon[12]. Since 12c and *N have almost the same mass
near or above the threshold of the breakup into constituemumber, if the fragmentation from each nucleus is different,
clusters, it is natural that the clustering effect is expected tdt indicates the existence of the fragmentation mechanism
play an important role in heavy ion reactions. related to the nuclear structure. The calculated results were

Microscopic simulation studies, such as Boltzmann-as follows.
Uehling-Uhlenbeck (BUU), Vlasoz-Uehling-Uhlenbeck (1) “He fragments from'“C are more numerous than
(VUU) [3] and quantum molecular dynami¢®MD) [4]  those from*N. This abundance froM?C mainly originates
studies, are very useful for investigating various kinds offrom the dynamical process, whiftHe fragments from“N
reaction mechanisms systematically. But only a few theoretdo not originate from the dynamical process but from the
ical studies of the mechanism reflecting the nuclear structurstatistical decay process.
exist because most current simulation theories are of a semi- (2) The energy spectrum ofHe fragments from*°C,
classical character and cannot describe quantum mechaniaghich are produced in the dynamical process, has the peak
features such as the shell effect in heavy ion reactions. Amrear the incident energy.
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20 . . . . . . . . . of alpha-cluster degrees of freedom. In Sec. VI we show that
Breakup of 12C into any fragments — the excitation of'°C to its clustering excited states is caused
Breakup of “Cinto 3a.  particles —— by the mean field of the projectile and that nucleon-nucleon

15 | in "*N+'2C at 35 MeV/nucleon | collisions work to destroy this excitation. Section VIl gives a

discussion of the'He-multiplicity channel. In Sec. VIII we
discuss the excitation of’C compound states by showing
the excitation energy spectra &C at the end of the dynami-
cal process. In Sec. IX we give a summary and conclusions.

Il. BRIEF EXPLANATION OF AMD FORMALISM

do /dE [ mb/MeV ]

The formalism of AMD was described in detail in Ref.
P [5], and only the outline of AMD is explained below. In
0 T S AMD, the wave function of theA-nucleon systenj®) is

0 10 20 30 40 50 60 70 80 90 . .
described by a Slater determinant
Excitation Energy [ MeV | y

FIG. 1. Excitation energy spectra &6fC just before its breakup |CD>= — defei(j)] 1)
during the dynamical process MN+*2C at 35 MeV/nucleon. The JAT et
way to calculate the excitation energy of isolat¥€ is explained
in Sec. V. Solid and dashed lines indicate those just before thgvhere
breakup of?C into any fragments anda3particles, respectively.

(Pi:¢ZiXai(ai:pT!pi!nT!ni) (2)
(3) *He fragments from'?C are produced most frequently
through semi-peripheral collisions during the dynamical pro—and
cess. 3/ 2
(4) *2C breaks up into & particles with the largest prob- P z(ﬁ> exd —v| r— i + 12_2 3
ability among all production events dHe fragments in the 4 Jv 27

dynamical process.

From the study of the excitation energy spectral@  X., and ¢z, represent the spin-isospin wave function and the
before its breakup during the dynamical process, we conspatial wave function of theth single-particle state, respec-
cluded that the above features B€ fragmentation originate tively. v is the width parameter which is independent of time
from the activation of alpha-cluster degrees of freedom. Thand in the following calculations’=0.16 fm 2. Z={Z;}
excitation energy spectrum ofC before its breakup into represent the positions of the centers of Gaussians and, there-
any fragmentsluring the dynamical process consists of twofore, the A-body wave function®) is parametrized by.
components, as is indicated by the solid line in Fig. 1. OneThe time development of is determined by the time-
distributes in the range 7—15 MeV and the other in the rangelependent variational principle which leads to the following
above 15 MeV. Most of the events of the former componenkquation of motion foiZ:
are such events thafC breaks up int@a particles during

the dynamical process, as indicated by the dashed line in Fig. ) d d
1, and hence these excitation energies, 7—15 MeV, just cor- ih> Ciajfazjﬁg and c.c,, (4)
respond to the excited levels dfC which have the a- I io

cluster structure. Accordingly the features mentioned above
are due to the excitation 0fC to the states which have the C . =
cluster structure. AT 9zx 9z,
In this paper we analyzp+ '%C reactions at 26, 55, and e
100 MeV, a+1%C ones at 22.5 and 35 MeV/nucleon, andwheres,7=x,y,z andH is the expectation value of Hamil-
14N+ 12C ones at 35 and 55 MeV/nucleon using antisymme+onian H by the use off®). In this paper we adopted the
trized molecular dynamics. By comparift§C fragmentation ~ Gogny force[13] as the effective central force in the Hamil-
in three kinds of reactions, we investigate the projectile-massonian. The Gogny force contains a finite-range two-body
and incident-energy dependence of the alpha-clustering eferce and a density-dependent zero-range repulsive force and
fect in °C fragmentation. From these investigations weit gives a momentum-dependent mean field. The binding en-
make clear the effects of the mean field and nucleon-nucleoergies of*He, 1%C, and *N are calculated to be 28.3 MeV,
collision processes on the excitation of alpha-cluster degreed2.1 MeV, and 108.3 MeV, respectively, which are very
of freedom. close to their observed values, 28.3 MeV, 92.2 MeV, and
In the next section, we describe the AMD formalism 104.7 MeV, respectively.
briefly. A comparison of the AMD results with the experi-  When we apply AMD to heavy ion reactions, nucleon-
mental data is given in Sec. lll, and the incident-energy denucleon collision processes should be incorporated. In AMD,
pendence of'’C fragmentation in“N, alpha, and proton as in QMD, two nucleons scatter stochastically when the
induced reactions is discussed in Sec. IV. Section V givespatial distance between them is small. But because of the
the excitation energy spectra &fC before its breakup dur- effect of antisymmetrization, the centers of the Gaussins
ing the dynamical process and the evidence of the excitatiodo not always have meaning as the positions and momenta of

2
In(P(Z)|D(2)), ©)
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nucleons. So we have to transform the coordin@ds the 2
physical coordinate®V={W;} which can be interpreted as a=—_max0333 ME/(1 MeV)]-10}. (13
the positions and momenta of nucleons,
A We calculate the time development of the system with
_ AMD until a certain timet=tg,, when produced fragments
Wi_j=l (VQ);Z, ©) are thermally equilibrated. At this time many excited frag-
ments exist, and these thermally equilibrated fragments
where evaporate particles oy rays with a long time scale. We

calculate the evaporation process aftgf, by a multistep
statistical decay codgl6] which is similar to the code of
Plhlhofer [17]. In this paper we takeésy, 150 fm/c and, in
the following, call the process befotg,, “the dynamical
The real parR; and the imaginary pa, of W, , process” and the one aftdg,y “the statistical decay pro-
cess.” In this paper we simulate the reactionspef 1“C at
i 26, 55, and 100 MeV andr+'°C at 22.5 and 35 MeV/
W= vR+ ——=P;, (8)  nucleon, andN+'2C at 35 and 55 MeV/nucleon and we
2fiv calculate about 20 000 events in each reaction.

i =———— In(D(2)|D(2)).
Qg 7, WD) @

can be treated as physical positions and momenta of nucle-
ons, respectively, in two-nucleon collisions. So in AMD
when the physical positionR; andR; of two nucleons be-
come close, two-nucleon collisions can occur &dek{W;}
changes intaV' ={W’;}. We have to calculate the time de-
velopment ofZ after two-nucleon collisions have occurred.
So we must retransfori/’ into Z'. But it can happen that

there d t exist th dinatgs ding taV’. If U X
ere do not exist the coordinates corresponding taV +12C at 35 MeV/nucleon[20] in Fig. 2. The solid and

this situation occurs, this two-nucleon collision is not real- . S ;
dashed lines indicate the AMD results and the experimental

ized. We call thoseN' which have no corresponding’ . .
Pauli forbidden and others Pauli allowed. The above defini-data’ respectively. The AMD calculations reproduce the ex-

tion of the Pauli forbidden and allowed regions is the extenpe”m(':'ntal data well n the whole mass range, except for the
sion of that of the time-dependent cluster mddal]. This is productlon cross section of fragments wih=7, in all reac-
the picture of the Pauli principle in AMD. In AMD the fer- tions.
mionic nature of nucleons is exactly treated, because the
wave function of amA-body system is antisymmetrized by a IV. MASS DISTRIBUTIONS
Slater determinant. Hence the Pauli principle has been fully |, this section, by comparing mass distributions fréfe
incorporated. . ) . fragmentation at different incident energies and/or for differ-
We use fthe |dn-med|um nucleon-nucleon cross fseCt'O'ént projectiles, we investigate how the excitation of alpha-
onn=Mmin{oyy, oyt the same as in Refl5]. Hereoyny  cluster degrees of freedom depends on the incident energy
are based on the data of free cross sections and are paraghd/or projectile.
etrized as Figure 3 shows mass distributions froMC fragmenta-
- 1105 tion in *N induced reactions at 35 and 55 MeV/nucleon. As
Tpn=max 13335E/MeV) 40, mb, 9 shown in the right panel, intermediate-mass fragments are
; ‘ . slightly more produced and nucleons are more emitted at 55
pp= Onn= Max{ 4445 E/MeV) .25 mb, (100 MeV/nucleon than at 35 MeV/nucleon after statistical decay.
This abundance of intermediate-mass fragments and nucle-
Bns at higher incident energy is a natural result due to the
larger input energy to the system. However, as far'ds
fragments are concerned, one finds that the production cross
d d _d _ 100 mb section at 35 MeV/nucleon is larger than that at 55 MeV/
PP 1 L E/(200 MeV)+C min{(p/pg) Y21} nucleon. This abundance 8He fragments at lower incident
11 energy cannot be explained by the above conjecture. As
shown in the left panel, the feature mentioned above be-
wherep is the normal density and the paramefecontrols  comes clearer before statistical decay. Especidlie frag-
the reduction of the cross section due to the medium effeanents are much more produced by the dynamical process at
and is taken here a€=2. The angular distribution of 35 MeV/nucleon than at 55 MeV/nucleon and, moreover, the
proton-proton and neutron-neutron collisions is assumed tproduction cross section of fragments wil=8, which are
be isotropic while that of proton-neutron collisions is takenalmost Be fragments, runs out in neighboring mass frag-

Ill. COMPARISON OF AMD RESULTS
WITH EXPERIMENTAL DATA

In order to examine the reliability of AMD calculations,
we compare AMD results for the production cross sections
of fragments with the experimental data fpr-1°C at 55
MeV [18], a+'*C at 22.5 MeV/nucleon19], and *N

(oa

and ol is the density-dependent cross section and is give
as

n

as ments at 35 MeV/nucleon and this phenomenon is not seen
at 55 MeV/nucleon. Accordingly, it is expected that alpha-
dopn %10~ (2= |0=mi2) (12) cluster degrees of freedom in thé&C nucleus are more easily
dQ ' excited at lower incident energy during the dynamical pro-
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FIG. 2. Mass distribution in the+%C reaction at 55 MeV, isotope distributions in ther °C at 22.5 MeV/nucleon, and those in the
1N+12C reactions at 35 MeV/nucleon. Solid lines indicate the AMD calculations and dashed lines indicate the experimental data.

cess in the!N induced reaction. same conclusion as in the case ¥N-projectile reactions;
Figure 4 shows mass distributions in alpha induced reacramely, we conclude that also in the induced reaction
tions at 22.5 and 35 MeV/nucleon. As common as'fiN alpha-cluster degrees of freedom in tH€ nucleus are more
induced reactions, slightly fewer intermediate-mass frageasily excited during the dynamical process dite frag-
ments are produced and mofele fragments are produced ments become abundant at lower incident energy. Another
after statistical decay in the lower incident-energy reactiordistinct difference between the two incident energies in alpha
and this difference is more pronounced before statistical denduced reactions is that the production cross sections of
cay. Furthermore, the production cross section of fragmentBagments aboveA=12 at 22.5 MeV/nucleon are much
with A=8 also runs out in neighboring mass fragments bedarger than those at 35 MeV/nucleon. This is not clearly seen
fore statistical decay. From the above results, we get then 1“N induced reactions. Since the lower incident energy in

104 T T T T T T T T T T T T T
'2C fragmentation »
s « C fragmentation
10° F % 1F / 1
—_ 102 i . A it 3
.g . ++/ /
o 10" L \“ JL J
before statistical decay 1t \
10° - "N+ 1C at 35 MeV/nucleon —— - UN+PCat35MeVinucleon ~— 1l
N + “C at 55 MeV/nucleon -+ S N + “C at 55 MeV/nucleon -+ b\
[RAY
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0
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FIG. 3. Mass distributions frof’’C fragmentation in“*N-+*°C at 35 MeV/nucleorgsolid lineg and 55 MeV/nucleoridashed lines Left
and right panels show those before and after statistical decay, respectively.



57 COMPARISON OF CLUSTERING EFFECTS INC ... 815
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FIG. 4. Mass distributions im induced reactions at 22.5 MeV/nucle¢solid line) and 35 MeV/nucleoridashed ling Left panel and
right panels indicate those before and after statistical decay, respectively.

N induced reactions is 35 MeV/nucleon, and is larger tharthe abundance ofHe fragments after statistical decay at

the lower incident energy, 22.5 MeV/nucleon, in alpha in-lower incident energy does not result from the dynamical

duced reactions, it is natural that the transfer reaction morprocess but from the statistical decay process, which is dif-

easily occurs at lower incident energy, namely, smaller relaferent from the result obtained in alpha antN induced

tive velocity. reactions where the abundance*sfe fragments in’C frag-
Mass distributions in proton induced reactions at 26 MeV,mentation at lower incident energy results from the dynami-

55 MeV, and 100 MeV are shown in Fig. 5. As shown in thecal process.

right panel, one finds that the mass distribution after statisti-

cal decay at 26 MeV is quite different from those at 55 and V. EXCITATION ENERGIES OF 2C DURING THE

100 MeVv yvh|ch are almost thg same as each other. At the DYNAMICAL PROCESS

lowest incident energy fewer intermediate-mass fragments

are produced; namely?C fragmentation hardly occurs at 26 In the previous section, it is made clear that mdiée

MeV compared with the reactions at the other two incidentfragments are produced at lower incident energies in all three

energies. However, the production cross sectiofittd frag-  kinds of projectile reactions, but its mechanism in proton

ments at 26 MeV is larger than those at 55 and 100 MeVinduced reactions is different from that in alpha aHtN

One might think that alpha-cluster degrees of freedom arénduced reactions. The abundance*bfe fragments at lower

more easily excited during the dynamical process at loweincident energy in alpha an&N induced reactions mainly

incident energy as in the case®fand N induced reactions  results from the dynamical process; on the other hand, that in

but this is not true. As shown in the left panel, not only theproton induced reactions mainly results from the statistical

production cross section of intermediate-mass fragments butecay process. In this section we present definite evidence

also that of*He fragments before statistical decay becomeghat alpha-cluster degrees of freedom are excited during the

smaller with decreasing incident energy. This indicates thatlynamical process in alpha andN induced reactions by

104 T T T T T T : : T T T T T T
3| p+'°Cat26MeV —— I p+™Cat26 MeV ~——
107 F 55 MeV -+ 1r 55 MgV --+--- 1
St 100 MeV -+ & 100 MeV -+
10° + , 1k 3
#' I’(
10 i 1L ]
g 10 & /'/ / \\‘\
E 0 AT VL ]
o 10 L SN
1 0‘1 L \ // \‘\ //’*\ 1L i
‘\\ /// o\ e i’sl
¥ \ 1t
102 | s before decay + after decay -
-3 1 1 1 1 1 1 1L Il Il Il Il Il Il
10 4 5 s 10 12 0 2 4 6 8 10 12 14
Mass Number A Mass Number A

FIG. 5. Mass distributions in proton induced reactions at 26 N&ld line), 55 MeV (dashed ling and 100 MeMdot-dashed ling Left
and right panels indicate those before and after statistical decay, respectively.
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10 - - ' - hand, those in proton induced reactions have only the latter
Excitation Energy of '2C component even at lower incident energy. Since the former
8 | before its breakup into any fragments | component just corresponds to the energy region of the ex-
during the dynamical process. cited levels of'?’C which have the & cluster structure, it is
p+'2C g: §§ M2¥ — | expected that alpha-cluster degrees of freedom are excited in
at 100 MeV ---- a- and ¥N-projectile reactions at lower incident energy dur-

ing the dynamical process. On the other hand, in proton in-
duced reactions, even at the lowest incident energy, it is hard
for alpha-cluster states to be excited during the dynamical
. process and it is expected that shell-model-like excited states
) are mainly excited since the rising point of the latter compo-
, . . H nent roughly corresponds to the threshold of one-nucleon
— ' ' ' emission from*?C nucleus.

i » This former component, which is related to the exgitatiorj
o+ TCat22.5 Mevinucleon —— of alpha-cluster degrees of freedom, disappears at higher in-

iy cident energies in alpha artN induced reactions. This sug-

gests that there is a border where alpha-cluster degrees of
] freedom are excited or not and this boundary incident energy
is dependent on projectiles. In the alpha induced reaction the
: boundary incident energy exists between 22.5 MeV/nucleon
and 35 MeV/nucleon, while in thé*N induced reaction it
. exists between 35 MeV/nucleon and 55 MeV/nucleon.

do/dE [ mb/MeV |

do/dE [ mb/MeV ]

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

®r N + '2C at 35 MeV/nucleon — -
at 55 MeV/nucleon -

We consider that the excitation of alpha-cluster degrees of
freedom is caused by the mean-field effect from the projec-
tile. Namely, we consider that the mean field from the pro-
jectile excites?C to the states which have the alpha-cluster
structure. On the other hand, nucleon-nucleon collision pro-
cesses destroy the activation of the alpha clustering in the
12C nucleus. We can examine this conjecture within the
AMD framework by switching off nucleon-nucleon collision

S processes.
®o =20 a0 80 % 100 Figure 7 displays the excitation energy spectra“af just
Excitation Energy [ MeV ] before its breakup into any fragments during the dynamical

FIG. 6. Excitation energy spectra &fC just before its breakup process Wl.th and. Wl.thOUt nUCqun_HUdeon CO|!ISIOH pro-
into any fragments during the dynamical process. Upper Ioane(I‘fesses, which are indicated by solid and dashed Iines_, respec-
shows those in the proton induced reaction at 26 Msid line), tively. The upper and lower panels show those i‘N_ In-

55 MeV (dashed ling and 100 MeV(dot-dashed line Middle duced r_eact|ons at_ 35 and 55 MeV{nucIeon, respectively. By
panel shows those in the alpha induced reaction at 22.5 Mev#omparing the solid and dashed lines, we can say that the
nucleon (solid line and 35 MeV/nucleon(dashed ling Lower  €Xcitation of 12C to the states whose excitation energies are
panel shows those in th¥N induced reaction at 35 MeV/nucleon 7—15 MeV is caused by the mean field from the projectile
(solid line) and 55 MeV/nucleorfdashed ling while nucleon-nucleon collision processes reduce this exci-
tation. It should be noted that the mean field excites alpha-
showing the excitation energy spectra '6€ just before its  cluster degrees of freedom not only at 35 MeV/nucleon but
breakup into any fragments during the dynamical process. also at 55 MeV/nucleon. However, the peak height without

The excitation energy of the isolatédC is calculated at nucleon-nucleon collisions at 35 MeV/nucleon is higher than
each time step in the AMD simulations from the centers ofthat at 55 MeV/nucleon. This can be interpreted in terms of
Gaussian$Z} which originally constituted the initial ground the interaction time. At 35 MeV/nucleo®N has a slower
state of'“C and Fig. 6 displays the excitation energies@  relative velocity compared with the case at 55 MeV/nucleon,
just before its breakup into any fragments during the dynamiand so the'’C nucleus can “feel” the mean field from the
cal stage in protong, and N induced reactions. As seen N nucleus for a longer time. As a result, the mean-field
clearly, the proton induced reaction is quite different fromeffect at 35 MeV/nucleon becomes larger than that at 55
the other two kinds of projectile reactions. n and N MeV/nucleon.
induced reactions at lower incident energies the excitation With inclusion of nucleon-nucleon collisions, the excita-
energy spectra of°C just before its breakup into any frag- tion of %C to the excitation energy region 7—15 MeV is
ments during the dynamical stage have two componentdargely reduced. At 35 MeV/nucleon the component from 7
namely, one distributes in the region of 7-15 MeV and theto 15 MeV survives due to the large effect of the mean field;
other distributes in the region above 15 MeV. On the otheion the other hand, at 55 MeV/nucleon this component disap-

do/dE [ mb/MeV |
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50 T T T

' a result, the boundary incident energy in tH#-projectile

itati 12 N ) 2 .
45 |- _ Excitation Energy of “C . reaction is higher than that in the-projectile reaction.
w0 L during the dynamical process |

as | in "N + '2C at 35 MeV/nucleon

©oh VIl. “He-MULTIPLICITY CHANNELS
30 - : : with n-n collisions —— -
o5 L Lo without n-n collisions ----- | In our previous papef12] we indicated that the abun-
P dance of*He fragments from*?C fragmentation compared
with 1N fragmentation mainly results from the process of
12C3a during the dynamical process. In this section we
analyze the production of*He fragments in terms of
“He-multiplicity channels.
Table | shows multiplicity-channel cross sections?*tfe
fragments classified by the multiplicity ofHe fragments
before and after statistical decay in tH# induced reaction

20 ; 4

do /dE [ mb/MeV ]

Excitation Energy of '*C

25 | " i : i at 35 MeV/nucleon and 55 MeV/nucleon. The gains of the
H during the dynamical process cross sections after statistical decay compared with the ones
o0 | in "N + '°C at 55 MeV/nucleon | before statistical decay are also given. The total production
[ with n-n collisions —— cross sections ofHe fragments are also listed in the last
without n-n collisions -—----- line, which are obtained from the sum of multiplicity-

channel cross sections multiplied by their multiplicity ‘e
fragments. The difference of the total production cross sec-
tion of “He fragments before statistical decay between two
incident energies is about 580 mb and that after statistical
decay is about 490 mb. From this, we see that the abundance
of *He fragments at 35 MeV/nucleon mainly results from the
dynamical process, which is consistent with the results ob-
Excitation Energy [ MeV | tained previously. By comparing multiplicity-channel cross
sections between two incident energies, we find that the
FIG. 7. Excitation energy spectra ofC just before its breakup channel cross section of multiplicity 3 events at 55 MeV/
into any fragments during the dynamical process. Upper and lowepycleon is extremely small while the multiplicity 3 channel
panels show those in“N induced reactions at 35 and 55 MeV/ mpakes a significant contribution to the abundance®dg
nucleqn, respectively. Solid and_d_ashed lines indicate those Wmﬁ’agments at lower incident energy in tA&N induced reac-
and without nucleon-nucleon collision processes, respectively. tion. Moreover, from the gain of the multiplicity 3 channel,
we see that the statistical component of the multiplicity 3
pears due to the weaker effect of the mean field and thevents plays a minor role in the production‘ie fragments
stronger effect of nucleon-nucleon collision processes. and its amount is almost the same at both incident energies.
Furthermore, one can see that the component above IFhis means that the abundance te fragments at lower
MeV is generated by nucleon-nucleon collision processes. lincident energy is caused by the multiplicity 3 events during
the previous section we have shown that the boundary incithe dynamical process, which is consistent with the result
dent energy where alpha-cluster degrees of freedom are egbtained in the previous papgt2].
cited or not depends on the projectile. This dependence of Table Il shows multiplicity-channel cross sections in al-
the boundary incident energy is interpreted in the term of thgha induced reactions at 22.5 and 35 MeV/nucleon in the
mean-field effect. Since th&N nucleus has a larger mean- same manner as in Table |. With respect to the total produc-
field effect than thex particle, the'“N projectile can excite tion cross section ofHe fragments the difference between
alpha-cluster degrees of freedom in tH€ nucleus even for two incident energies before statistical decay is about 250
a shorter interaction time compared with ierojectile. As  mb and that after statistical decay becomes about 280 mb.

do /dE [ mb/MeV ]
&

TABLE . Multiplicity-channel cross section§in units of mb classified by the multiplicity of*He
fragments in*N induced reactions at 35 MeV/nucleon and 55 MeV/nucleon. Those before and after statis-
tical decay are listed, together with the gains of cross sections after statistical decay compared to the ones
before statistical decay. The total production cross sectiofsieffragments are also shown in the last line.

“He-multiplicity ¥N+12C at 35 MeV/nucleon 1N+12C at 55 MeV/nucleon
channel Before decay After decay Gain Before decay After decay Gain
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 sectionén units of mb of each*He multiplicity events in alpha
induced reactions at 22.5 MeV/nucleon and 35 MeV/nucleon. The total production cross secfide of
fragments is shown in the last line.

“He-multiplicity a+12C at 22.5 MeV/nucleon a+*%C at 35 MeV/nucleon
channel Before decay  After decay Gain Before decay  After decay Gain
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
4 245 21.9 —2.6 1.02 0.13 -0.89
Cross section 384 883 499 132 609 477

Since the difference between the total production cross se@ross sections after statistical decay are listed becAdse

tion before and after statistical decay is almost the same andlagments are scarcely produced before statistical decay, as
the gains from the statistical decay process are also similar fpdicated in Fig. 5. The production cross sections“bfe

each other, the abundance tifie fragments at lower inci- fragments become smaller with increasing incident energy,
dent energy in the alpha induced reaction mainly results fronput we should recall that the source of the abundanctHef

the dynamical process, which is the same result as in thRagments at 26 MeV is due to the statistical decay process,
N-projectile reaction. Moreover, before statistical decaywhich is different from the case ia and N induced reac-

the channel cross sections of multiplicity 1 and 2 events injons. It is clearly seen in Table Il that the abundancéldé

the reaction at 22.5 MeV/nucleon are comparable to those ifragments at the lowest incident energy results from the mul-
the reaction at 35 MeV/nucleon but the channel cross sectiofiplicity 3 channel. The channel cross section of multiplicity
of multiplicity 3 events at 22.5 MeV/nucleon is much larger 3 events after statistical decay becomes larger as the incident
than that at 35 MeV/nucleon. So we see clearly that thesgnergy decreases and the channel cross sections of multiplic-
multiplicity 3 events during the dynamical process causes afly 1 and 2 events become negligible at 26 MeV. This sug-
abundance ofHe fragments at lower incident energy in the gests that the breakup of tH&C nucleus into & particles by
alpha induced reaction. As far as the statistical decay procesge statistical decay process becomes importanf ifte pro-

is concerned, in the reaction at 22.5 MeV/nucleon, the mulguction at the lowest incident energy. On the other hand, the
tiplicity 3 events are still important because their gain fromcross sections of multiplicity 1 and 2 events become large at
the statistical decay process is much larger compared to thatgh incident energies. This result is regarded as being natu-
of other multiplicity events. This is a very different feature ra| in the following way. At higher incident-energy collisions
from the case in**N induced reactions. The reason for this 12¢ nuclei more eas”y break up during the dynamica] pro-
fact will be given in terms of excitation energies BT at the cess, and if the'?C nucleus emits only a nucleon before
end of the dynamical process in Sec. VIII. In addition, therestatistical decay, it cannot break up inter Jarticles any

is a certain amount of multiplicity 4 events in the alpha in-|onger by the statistical decay process. So the contribution of
duced reaction at 22.5 MeV/nucleon. This suggests that thgquilibrated fragments at the end of the dynamical process
production mechanism ofHe fragments via the compound pecomes important for the production &l fragments in
nucleus, which is formed by the capture of the incident alphahe proton induced reaction at high incident energies. Fur-
particle by the'’C nucleus, appears at lower incident energythermore, as will be shown in Fig. 8, there exist highly ex-
and this process becomes non-negligible. Note that we hergted °C nuclei at the end of the dynamical process and
only count alpha particles scattered backward in the nucleonthese nuclei are expected to make a contribution to the mul-

nucleon center-of-mass system. _ tiplicity 1 and 2 channels at high incident energies.
Table IIl lists multiplicity-channel cross sections dFe

fragments and the total production cross sections*lgé
fragments in proton induced reactions at 26, 55, and 100
MeV, in the same manner as in Tables | and II, but only The excitation energy spectra dfC at the end of the
dynamical process, namely, &ttg,,, are shown in Fig. 8.
TABLE lIl. Cross sectiongin units of mb of each*He multi-  The left panel shows those in proton induced reactions and
plicity events after statistical decay in proton induced reactions athe solid, dashed, and dot-dashed lines indicate those at 26

VIIl. EXCITATION OF COMPOUND STATES OF 12C

26 MeV, 55 MeV, and 100 MeV. MeV, 55 MeV, and 100 MeV, respectively. One finds imme-
—— diately that there are two distinct features. The first one is
Multiplicity p+*C that more'?C nuclei are excited in the region of 5-20 MeV

of “He fragments at26 MevV  at55MeV  at 100 MeV  with decreasing incident energy. These low excité@ nu-
clei are expected to break up intax3particles, and as a

1 7.6 25.1 23.5 h L
5 6.8 28.2 38.8 result, the channel cross section of multiplicity 3 events be-
3 62.3 30.4 915 comes larger with decreasing incident energy, as is shown in

Table lll, and this sequential statistical decay process of
Cross section 208 200 166 12C—3a increases the abundance tHle fragments in the
lowest incident-energy reaction compared with higher
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Excitation Energy of '2C Excitation Energy of '2C . Excitation Energy of '2C
before statistical decay before statistical decay before statistical decay
102 | in p + '2C reactions + in o + %C reactions 4 in "N + ™G reactions E
at 26 MeV — at 22.5 MeV/nucleon — 11 at 35 MeV/nucleon —

at 55 MgV —-

at35 MeV/nucleon - ! at 55 MeV/nucleon -
at 100 MeV ---- :

do/dE [ mb/MeV |
3

¢ 10 20 3I0 4|0 SIO 6I0'70“ 0
Excitation Energy [ MeV ] Excitation Energy [ MeV ] Excitation Energy [ MeV ]
FIG. 8. Excitation energy spectra &fC at the end of the dynamical process. Left panel shows those in proton induced reactions at 26
(solid ling), 55 (dashed ling and 100 MeV(dot-dashed line Middle panel shows those in alpha induced reactions at 22.5 MeV/nucleon

(solid line) and 35 MeV/nucleoridashed ling Right panel shows those ifN induced reactions at 35 MeV/nucledsolid line) and 55
MeV/nucleon(dashed ling

incident-energy reactions. The second feature appears in thpdicity 2 events by the statistical decay process in the higher
high excitation energy region. Because of the small inpuincident-energy reaction.

energy into the system, th&C nucleus is not so highly The right panel shows excitation energy spectra?®af at
excited in the reaction at 26 MeV. In contrast, th&C  the end of the dynamical process=tsy) in *N induced
nucleus is excited up to about 50 MeV in the reactions at 5%eactions at 35 MeV/nucleofsolid line) and at 55 MeV/

and 100 MeV and saturation of the excitation energie¥6f ~nucleon(dashed ling Excited *“C nuclei at the end of the
nuclei is seen. In the reaction at 100 MeV it is possible fordynamical process at both incident energies are almost the
the 12C nucleus to be excited in the region above 50 MeV,Same as gach other. By r(_eﬂggtlng this similarity, the channel
but the excitation energy spectrum at 100 MeV incident enE/0SS sections of the multiplicity 3 events frc_)m th.e statistical
ergy distributes only below 50 MeV. This, we think, is an decay process have almost the same value ifiénduced

important reason why the mass distributions at 55 MeV andﬁaclt'or': a:c bothtln(;:;zdcer)t ?Eergleg, as ;ssshzo(\)/vp/lmvTatge l, and
100 MeV are similar to each other after statistical decay, a%qe ack ot excite In the region of 5- eV reduces

was indicated by the right panel in Fig. 5. This kind of satu- e statistical component of ”?“'_“P"C'W 3 channel. But we
. i . . cannot conclude that the multiplicity 3 events from the sta-
ration of the excitation energy is also seen in alpha i

induced i is sh " the middl d right Itistical decay process are always minor contributions*n
Induced reactions, as 1S snown in the middie and right panels,,q,ceq reactions without further investigation of the lower

The saturation energies in proton-, alpha-, aftd-projectile incident-energy reactions. In spite of this similarity the mul-
reactions are 50, 65, and 95 MeV, respectively. From thesgyicity 1 and 2 events due to the statistical decay process
results, we suggest that saturation of the excitation energy ofie more frequent at 55 MeV/nucleon than those at 35 MeV/
the *2C nucleus depends on the projectile, and the larger thBucleon. as shown in Table I. This is caused by the
projectile mass is, the higher the saturation energy®  intermediate-mass fragments produced during the dynamical

becomes. o process, more of which are produced at 55 MeV/nucleon
In the middle panel, we show the excitation energy Specihan those at 35 MeV/nucleon.

tra of *2C at the end of the dynamical proceds={sy) in

alpha induced reactions at 22$olid line) and at 35 MeV/

nucleor_1(dashed Iin}a. The same features as in the case of IX. SUMMARY AND CONCLUSION

proton induced reactions are clearly seen. Excit@inuclei

at the end of the dynamical process in the collisions at 22.5 We have analyzed?C fragmentation in proton, alpha,
MeV/nucleon are more populated in the region from about 5and **N induced reactions at two or three incident energies
MeV to 20 MeV than in the collisions at 35 MeV/nucleon. using the AMD method. MoréHe fragments are produced
Reflecting this result, the statistical decay process of the mulat lower incident energy in all three kinds of projectile reac-
tiplicity 3 events makes a relatively large contribution to thetions. But the source of the abundance“sfe fragments at
production of*He fragments in the alpha induced reaction atlower incident energy is different among the three projectile
22.5 MeV/nucleon, as is shown in Table Il. Moreover, morereactions. In alpha and*N induced reactions this mainly
highly excited °C nuclei are produced at 35 MeV/nucleon results from the dynamical process, while in proton induced
compared with the case at 22.5 MeV/nucleon. This is one ofeactions this mainly results from the statistical decay pro-
the reasons why the statistical components of the multiplicitycess. In alpha and*N induced reactions at lower incident

2 events have a larger contribution in the higher incidentenergy, the excitation energy spectra8€ just before its
energy reaction. In addition, as is shown in Fig. 4, morebreakup into any fragments during the dynamical process
intermediate-mass fragments with=9-11 are produced have a component whose peak is located around 10 MeV and
during the dynamical process at higher incident energy, anthis component disappears at higher incident energy. Since
these fragments reduce the larger contribution of the multithis energy region corresponds to the excited level$%6f
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which are recognized to have thexZluster structure, itis  12C to its clustering excited states while the two-nucleon
expected that the alpha-cluster degrees of freedom are exollision process works to destroy this excitation and that the
cited during the dynamical process in the lower incident-gisappearance of the excitation to the clustering states at high
energy reaction. On the other hand, in proton induced reagncident energies is partly due to the weakened effect of the
tions this component of the excitation energy spectra is Nohrgjectile mean field and partly due to the strengthened effect
seen at all incident energies. This suggests that it is hard fQ¥ the two-nucleon collision process.
alpha-cluster degrees of freedom to be excited during the Ag the mass of the projectile becomes larger, the mean-
dynamical process in the proton induced reaction even &fg|q effect becomes larger and it is easy for alpha-cluster
lower incident energy. Accordingly we conclude that the eX-gegrees of freedom to be excited during the dynamical pro-
citation of alpha-cluster degrees of freedom during the dyzess. In proton-projectile reactions the proton gives so small
namical process depends on the incident energy and/or the mean-field effect to thé?C nucleus that alpha-cluster de-
projectile. o grees of freedom are hard to be excited during the dynamical

Furthermore, the boundary of the incident energy whethepocess. The dependence of the boundary incident energy on
alpha-cluster degrees of freedom are excited or not duringhe projectile is also interpreted in terms of the mean-field
tﬂe dynamical process is different between alpha- an@tfect. Since the!*N nucleus has a larger mean-field effect

N-projectile reactions. The boundary incident energies iy the 2C nucleus compared with the alpha particle, the
alpha and'“N induced reactions are around 30 MeV/nucleonmean field from thelN nucleus can excite alpha-cluster
and 40 MeV/nucleon, respectively. This shows that thejegrees of freedom within a shorter interaction time com-
boundary quent energy is also dependent on the prqjectlleEared with thew-projectile case; namely, th¥N projectile

We have investigated the character of the excitation Otan excite alpha-cluster degrees of freedom with a higher
alpha-cluster degrees of freedom during the dynamical proge|ative velocity compared with the: projectile. Accord-
cess which results from the mean-field effect. We have don;nng|y the boundary incident energy in tHé\-projectile re-
this investigation by switching off the nucleon-nucleon col- 5¢tign is higher than that in the alpha-projectile reaction.
lision processes within the framework of the AMD method. cqnsequently there is a possibility that alpha-cluster degrees
When the r_1uc_|eon-nucleon collision processes are switchegk freedom are excited during the dynamical process even in
off, the excitation energy spectra 6iC have proved to have e proton-projectile reaction if the incident energy is much
only one component which covers the excitation energy refoer than the lower incident energy analyzed here. As the
gion of 7-20 MeV with a peak around 10 MeV N in- incident energy decreases, the wavelength of the incident
duced reactions at both incident energies. Thls suggests thﬁ?oton becomes larger, but since the state of the incident
alpha-cluster degrees of freedom are excited due to thgoion is described by a Gauss packet with a fixed width in
mean-field effect. Furthermore, the peak height of the exciamp, this effect is not included in the calculations here. It is
tation energy spectrum of'C without nucleon-nucleon col- 4 fyture problem whether the proton with lower incident en-

lisions becomes smaller for higher incident energy. The regrgy cannot really excite alpha-cluster degrees of freedom
duction of the peak height for higher incident energy can b‘%juring the dynamical process.

interpreted to be due to the weakened effect of the projectile
mean field for the shorter interaction time. We can conclude Most of the calculations for this research project were
that the mean field of the projectile causes the excitation operformed with the Fujitsu VPP500 of RIKEN, Japan.
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