PHYSICAL REVIEW C 97, 034610 (2018)

Cluster correlation and fragment emission in 1>C + 2C at 95 MeV/nucleon

G. Tian,> Z. Chen,">" R. Han,' F. Shi,' F. Luo,! Q. Sun,? L. Song,"? X. Zhang,"?> G. Q. Xiao,! R. Wada,*' and A. Ono*
!Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
XUniversity of Chinese Academy of Sciences, Beijing, 100049, China
3Cyclotron Institute, Texas A&M University, College Station, Texas 77843, USA
4Department of Physics, Tohoku University, Sendai 980-8578, Japan

® (Received 12 January 2018; published 19 March 2018)

The impact of cluster correlations has been studied in the intermediate mass fragment (IMF) emission in
12C + 2C at 95 MeV/nucleon, using antisymmetrized molecular dynamics (AMD) model simulations. In AMD,
the cluster correlation is introduced as a process to form light clusters with A < 4 in the final states of a collision
induced by the nucleon-nucleon residual interaction. Correlations between light clusters are also considered to
form light nuclei with A < 9. This version of AMD, combined with GEMINI to calculate the decay of primary
fragments, reproduces the experimental energy spectra of IMFs well overall with reasonable reproduction of light
charged particles when we carefully analyze the excitation energies of primary fragments produced by AMD
and their secondary decays. The results indicate that the cluster correlation plays a crucial role for producing
fragments at relatively low excitation energies in the intermediate-energy heavy-ion collisions.

DOLI: 10.1103/PhysRevC.97.034610

I. INTRODUCTION

In the intermediate-energy heavy-ion collisions from a few
tens MeV/nucleon to several hundred MeV/nucleon, a variety
of reaction phenomena and mechanisms are realized depending
on the sizes of the projectile and the target nuclei, the incident
energy, and the impact parameter. Generally, it is expected that
the composite system composed of projectile and target nuclei
in violent central collisions is compressed and excited in the
early stage of the reactions, and then the hot and dense nuclear
system expands and breaks up through a multifragmentation
process so that the whole system disintegrates into many light
particles with the atomic number Z < 2 and intermediate
mass fragments (IMFs) with Z > 3. As two of the basic
experimental observables, the energy spectra and angular
distributions of the emitted particles are influenced by the
nuclear mean field and nuclear dynamics of collisions and play
key roles for studying the transport mechanism of nucleons
in nuclear systems. Furthermore, a detailed study on nuclear
reaction dynamics can provide valuable information of nuclear
matter properties, such as equation of state, liquid-gas phase
transition, and many-body correlations.

The '2C + '2C reaction at 95 MeV/nucleon was performed
at GANIL motivated by the hadron beam therapy with carbon
ions to treat cancerous tumors, and the experimental data are
available in Ref. [1-3]. In our previous work in Ref. [4], we
studied the emission mechanism of the light charged parti-
cles (LCPs) and IMFs, using an improved antisymmetrized
molecular dynamics (AMD) code, called AMDV-FM [5]. The
AMDV-FM reproduces the experimental data fairly well in
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their global characteristics, but in detail the yields of the
projectilelike component of all LCPs are slightly overpredicted
and IMF yields at 6y, > 20° are poorly reproduced for most of
the isotopes by a factor of 2 — 10. In this paper we would like
to present a further improvement of the transport simulation,
especially focusing on the IMF production mechanisms.

In order to elucidate the reaction dynamics, many micro-
scopic transport models for nuclear collisions have been devel-
oped. In these transport models the time evolution of one-body
distribution function of the many-nucleon system is treated.
Most of the current nuclear reaction transport models either
rely on the mean-field models, such as Boltzmann-Uehling-
Uhlenbeck (BUU) equation, or on molecular dynamics models,
such as quantum molecular dynamics (QMD), which were
supposed to be suitable for describing the fragmentation
process in heavy-ion collisions because of consideration of
many-nucleon correlations at least in the sense of classical
dynamics. In AMD approach [6], the full antisymmetrization
of many-nucleon wave function was taken into account, which
is an important quantum feature. The versions in Refs. [7,8]
were also an important extension to understand the fragment
formation and the single-particle dynamics by introducing
quantum fluctuation for the emergence of many fragmentation
channels. However, it should be noted that these versions
were introduced mainly to consider the single-nucleon motion
in the mean field, not directly the many-body correlations,
particularly the cluster correlations to form light nuclei (such
as deuterons and « particles).

The production of clusters in transport models is very im-
portant. Unfortunately, most transport models cannot describe
clusters properly due to the assumption of single-nucleon
motion in the mean field. In order to predict the cluster produc-
tions, a lot of efforts have been made. In Ref. [9], for example,
the coalescence approaches have been applied to the results

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.97.034610&domain=pdf&date_stamp=2018-03-19
https://doi.org/10.1103/PhysRevC.97.034610

G. TIAN et al.

PHYSICAL REVIEW C 97, 034610 (2018)

of transport calculations assuming that the correlations do not
affect the time evolution of the single-nucleon distribution.
Another important work was done by Danielewicz et al. [20].
In their extended version of BUU approach (pBUU), the cluster
up to *H and *He were introduced and treated as the new
species, though the « particles were not incorporated in this
extended model. A recent calculation of this specific model
demonstrates that the collision dynamics is influenced by
the clusters [10]. In the AMD approach, cluster correlations
have been introduced by improving the two-nucleon collision
process [11-13]. The aims of this paper are to report the present
status of this approach and to demonstrate the importance
of a proper treatment of clusters in the studies of heavy-ion
collisions.

This paper is organized as follows. In Sec. II, the version
of AMD used in the present work is briefly described. In
Sec. III, detailed comparisons between the experimental data
and the AMD model simulations are presented. In Sec. IV,
IMF emission mechanisms are further studied, using events. A
brief summary is given in Sec. V.

II. ANTISYMMETRIZED MOLECULAR
DYNAMICS MODELS

A. Basic part of AMD

In AMD, the wave function of an A-nucleon system |®) is
described by a Slater determinant,

1 .
|®) = —A!det[wi(J)], ey

T

where

Qi = ¢Z,~ Xa; » (2)

The label «; represents the spin and isospin of the ith single
particle state, o; = p 1, p | ,n t,orn |, and x is the spin
and isospin wave function. The spatial wave function ¢z, is
represented by a Gaussian wave function,

20\ ZiNe 1,
(rl¢z,>=(;) GXp[—v<r—ﬁ) +§Z,-], (3)

where v=0.16 fm™2 is a parameter, which corre-
sponds to the width of the wave packet, and the com-
plex variables Z ={Z;;i =1,...,N} ={Z;s;i=1,...,N,
o = x,y,z} represent the centroids of the wave packets. If we
define real vectors D and K as

i
Z=\vD+ ——=K, 4
Vv TG 4)
then they correspond to the position and momentum centroids
of the wave packet,

(@20rlgz) _ |, (621p197) _ )

(Pzlpz) (Pz|dz)

However, D; and K; cannot always be interpreted as physical
positions and momenta of nucleons due to the effect of
antisymmetrization. Equation (1) is very simple, but it is
sufficient to describe the ground state of nuclei. For example,
the binding energies obtained by the frictional cooling method

[14] coincide with the experimental data within the precision
of 1 MeV/nucleon [15]. Therefore we can expect that the initial
state of the reaction and the individual channel wave functions
in the intermediate and final states are well described by the
AMD wave functions.

The time evolution of the wave packet centroids Z may be
determined by the time-dependent variational principle,

S/dt(CD(Z)I(ih% — D) _
(P(Z)|D(Z))

0, (6)
from which the equation of motion for Z is obtained,

dZ; M
ihY Cigir—2 = . 7
l JZ TRy @

A Hermitian matrix Cj, j With 0,7 = x,y,z is defined by
2

C i\ =—
7 A7,

log(®(2)[P(2)), ®)
and H is the expectation value of Hamiltonian after the
subtraction of the spurious kinetic energy of the zero-point
oscillation of the center of masses of fragments [6,16]

(P(2)H|D(Z) 3R

v
H(Z) = DDP2D) oar At Dold = Ne(Z)],

®

where Np(Z) is the fragment number and Ty is 3h%v/2M in
principle but treated as a free parameter for the adjustment of
the binding energies of nuclei. The quantum Hamiltonian

A 2
H=Y 2o+ v, (10)
i=1

i<j

includes an effective two-body interaction. In this paper all
calculations are performed, using the SLy4 force [17].

As mentioned, due to the effect of antisymmetrization, the
centroids of Gaussian wave packets {Z} do not always have
the meaning as the positions and momenta of nucleons. For
example, in the ground state of '>C, all Z are almost at the
same point, but this does not mean that all nucleons are at
the same point in the phase space. This is not convenient in
introducing two-nucleon collisions in a way similar to usual
transport models. So the coordinates Z are transformed to
a new coordinates {W} = {W;;i =1, --- ,A}, which can be
interpreted as the centroids of incoherent wave packets. The
real parts R; and the imaginary parts P; of W;

i
W,‘ = VR i —P i 11
VVR; + TG (11)
can be treated as physical positions and momenta of nucleons
in the two-nucleon collision processes. Considering a few re-

quirements, which should be satisfied by physical coordinates
W, [18], they are defined as

A
Wi =Z(\/ 0)i;Z;, (12)
=1
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with

Qij In{D(Z)|D(Z)). 13)

_ d
CANZ-Zy)
The two-nucleon collision process with Pauli blocking was
formulated by using these physical coordinates [6].

B. Cluster correlations in AMD

This extended version of AMD is developed mainly to
improve the description of the IMF emission by taking into
account the cluster correlation. A two-nucleon collision pro-
cess in AMD is a transition from an initial state |\W¥;) to
one of possible final states |W ), which is assumed to occur
instantaneously and conserve the energy expectation value
(V;|H|W;) = (V|H|Y[). As the transition is induced by the
residual interaction V between the two colliding nucleons, the
transition rate may be expressed as

2 2

Wiey = 2 WA IVIW)POE; = E). (14)

However, some care should be taken since the transition is

considered here between states that are not eigenstates of an

unperturbed Hamiltonian. So an important question here is

how to choose the complete basis |V ) of the final states. If

the correlations exist in the final states between the scattered

nucleons and other nucleons, it is reasonable to construct the
final states by taking into account these correlations.

Cluster correlations can exist in nuclear medium under some
conditions [19,20]. We assume here that clusters with A = 2,
3, and 4 can propagate in the medium if it is allowed by the
Pauli principle. In AMD, if several wave packets (with different
spins or isospins) are placed at the same phase-space point,
these wave packets will tend to move together as a cluster by
the equation of motion. On the other hand, if the wave packets
are placed randomly in the phase space, the chance for these
nucleons to form a cluster after propagation is small, i.e., the
classical bound phase space does not correspond to the weight
for a bound quantum state. Therefore, in order to respect the
possibility of forming a cluster, the set of final states |W)
should be suitably constructed.

For the procedure of the transition to clusterized states, we
employ the same method and the same set of parameters as
those of Ref. [12]. As an example of possible final state | W ;) for
a collision of two nucleons N; and N, with the initial relative
velocity vyy, let us consider a process that N{(N,) forms a
cluster C(C,) with another particle B;(B,) in the final state,

Ni+ B+ N2+ B, » C1 + Cs. (15)

This process includes the collisions without cluster formation
as the special case of C; = N; (j = 1,2) with empty B;. The
partial differential cross section to this final channel is given by
UNNdO‘(Nl Bl N232 — C]Cz)
_ 2n
h

pLidprad

el )Pllgslox P IMIPS(E — N2 s

’

(16)

where M is the matrix element for the two-nucleon scattering
to the final state with the relative momentum p.; and the

scattering solid angle €2 in the two-nucleon center-of-mass
system. The overlap matrix (¢} |<p1+q) is taken between |<pl+q) =
€9 @) and |¢}), where |¢;) and |g|) are the initial and
final states of the N; 4 B; system, respectively, and the
operator ¢'47 gives the momentum transfer to nucleon N;. The
clusterized states |¢]) and |¢5) are approximated by the simple
harmonic oscillator (0s)" configuration with the oscillator
constant associated with the wave packet width v in AMD,
so that any final states of the collision is represented by an
AMD wave function.

The actual situation of a two-nucleon collision requires
more consideration because there are many possible ways
of forming a cluster for each N of the scattered nucleons
N; and N,. For a scattered nucleon N, we first consider the
possibility that N may form a cluster with one of the nucleons
{Br; k = 1,2, ...}, which have the same spin-isospin state. The
cluster-formed state is denoted by |®; ), which is obtained by
first changing the state to |®9) by the momentum transfer q
to N, and then moving the two wave packets of N and By
to the same phase-space point without changing their center
of mass. Since the different final states are not orthogonal
N = (P, |®)) # i, the probability that N forms a cluster
with one of { B} should be calculated as

P =) (®UOPNG (@D =) ful’, (D)
kl k

ve= Y Ny (@) @9). (18)
1

With this probability P, a cluster will be formed with one of
{By}. It is somewhat arbitrary which one of {B;} should be
chosen with what probability. This partial probability should
replace the overlap probability |(¢]|@f)]? or [(@5le3)|? in
Eq. (16). With the rest probability (1 — P), the particle N does
not form a cluster with a nucleon of this spin-isospin state.
The procedure is repeated for other spin-isospin states for B.
The particle N in the above description should be regarded as a
cluster, instead of a scattered nucleon, if a (sub)cluster has been
already formed in previous steps of the repetition. It should be
noted that the probability factors for different contributions of
the formed clusters (C, C5) described in this way are functions
of the relative momentum p, (or the momentum transfer q)
and the value of p,; that conserves the energy depends on
(C1,Co).

Even when the cluster formation is introduced, the many-
body state is always represented by an AMD wave function,
which is a Slater determinant of nucleon wave packets. The
time evolution of the many-body state is solved just as usual
without depending on whether some of the wave packets form
clusters due to collisions in the past (except for the cluster-
cluster binding process explained below). This is in contrast
to the case of pPBUU by Danielewicz et al. [14] where clusters
are treated as new particle species. In our approach, a cluster
may be broken by the mean field or by a two-nucleon collision
between a nucleon in it and another nucleon in the system
such as a process d + X — n + p + X'. It is also possible
that, in the final state of this two-nucleon collision, the same
cluster is formed again such as an elastic process d + X —
d + X'. Thus various kinds of cluster reactions are taken into
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account without introducing many parameters. We only need to
assume some in-medium two-nucleon cross sections (or matrix
elements). We use free cross sections in this paper.

Many of light nuclei (Li, Be, etc.) have only one or a few
bound states, which may be regarded as bound states of internal
clusters. The quantum-mechanical probability of forming such
a nucleus is not consistent with the semiclassical phase space
with which it can be formed in the standard treatment of AMD.
Therefore, for a better description, the intercluster correlation
should be introduced as a stochastic process of binding clusters.

The basic procedure in the actual calculation is to replace
the relative momentum between clusters by zero if moderately
separated clusters (1 < Ry <5 fm) are moving away from
each other with a small relative kinetic energy (R - Vi > 0
and %uVél < 12 MeV where p is the reduced mass). The
method is similar to Ref. [12] but with a different set of
parameters. In addition to these conditions, linking is allowed
only if each of the two clusters is one of the four closest clusters
of the other when the distance is measured by [(Ry¢/3 fm)? +
(Vre1/0.25¢)?1'/2 1t is further required one (or both) of the two
clusters is an « cluster or is in a light nucleus already bound at
a previous time. Two clusters in different already-bound light
nuclei are not linked. Nonclustered nucleons are treated here
in the same way as clusters but two nucleons are not allowed
to be linked directly. Two clusters also should not be linked
directly if they can form an « or lighter cluster due to the
combination of their spins and isospins. It is possible that more
than two clusters are eventually linked by these conditions.
However, the process is canceled unless the mass of the linked
system is in the range 6 < A < 9, and therefore the binding
usually occurs in dilute environment. The binding is performed
for the linked system by eliminating the momenta of clusters
in the center-of-mass frame of the linked system. Energy
conservation should be achieved by scaling the relative radial
momentum between the center of mass of the linked system
and a third cluster, which we choose to be the cluster that has
the minimum value of

(r +7.5fm)(1.2 — cos€)/min(e,5 MeV), (19)

where r and ¢ are the distance and the radial component of
the kinetic energy for the relative motion between the linked
system and the third cluster. The factor with the angle 6
between the relative coordinate r and the momentum p is
introduced to favor the case of r || p. If the selected third
cluster is already in a bound light nucleus, the light nucleus
is used as the third cluster for the energy conservation.

The present AMD version has introduced cluster correla-
tions based on the original AMD version [6] and does not
take into account the wave packet branching process, such
as diffusion or shrinking process [7,21]. It is an important
future problem how to improve cluster correlations and single-
particle motions consistently, though it is empirically known
that the introduction of cluster correlations and that of the wave
packet branching can similarly improve fragment production.

III. RESULTS

In this section comparisons between the simulated re-
sults and the experimental data are presented. All simulated

_
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FIG. 1. Comparisons of angular distributions of A = 6-8 isotopes
with impact parameter ranges b = 0-8 fmin (a)—(d), respectively. The
experimental data from Ref. [1] are shown by open circles. Inserts are
the same data in do/d6, but given in a linear scale in an expanded
angular range of 0°—11°. The calculated results of AMD+GEMINI
are shown by blue solid lines. Red dashed curves are those when
IMFs with E, > E,, are forced to decay. See details in Sec. IVC.
For the green long-dashed histogram for °Li see also discussion in
Sec. IV C.

events have been treated for the secondary decay process,
using GEMINI++ [22]. Similar to the previous works, in
the following discussion we use the name of the different
source components, projectilelike (PLF), targetlike (TLF), and
intermediate velocity (IV) sources, which are defined in a three
moving source analysis in the previous work [4], to evaluate
the quality of the simulated results. See details in Ref. [4].

A. IMF
1. Angular distribution and energy spectra for A = 6-8

Here the comparisons of angular distribution and energy
spectra of IMFs with 6 < A < 8 are performed between the
simulated results and the experimental data. The experimental
data are inclusive. The calculation is performed in the impact
parameter range of b = 0—8 fm and the comparisons are made
in an absolute scale. In Fig. 1, the results of angular dis-
tributions are shown. The experimental angular distributions
(open circles) of ’Li and "Be are rather well reproduced by
the simulation (thick blue lines). Those with the forced decay
(red dashed lines) are discussed in Sec. IV. On the other hand,
the production of ®Li and ®B are significantly underestimated,
including the PLF component shown in a linear scale in
the inserts. In Fig. 2, the comparisons of energy spectra are
presented. The simulation reproduces the general features of
the PLF and IV source at most of angles. However, the PLF
component of 8B is very weak. We will discuss possible reasons
for the significant underpredictions for °Li and ®B in Secs. IV C
and IVD.
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FIG. 2. Comparisons of energy spectra of A = 6-8 isotopes at
selected angles. The experimental data are shown by open circles.
The calculated results of AMD+GEMINI are shown by blue solid
lines.

2. Angular distribution and energy spectra for A = 9-12

In this section, similar comparisons are presented but for
heavier IMFs with 9 < A < 12. For these fragments, Fig. 3
shows their angular distributions. As shown in the inserts
the PLF components are well reproduced for relatively heavy
isotopes (198, B, ''C, 12C) at 4°-9°. For °Be, the calculation
overpredicts the yields. For '°C and '°Be, it underpredicts
significantly. As seen at large angles, the IV components are
significantly overpredicted for all of these isotopes. In Fig. 4,
the energy spectra for these isotopes are shown. As one can
see at @ = 7°, the spectral shape of the PLF component is well
reproduced for IMFs with Z = 4 and 5, but for carbon isotopes,
the calculated widths are slightly wider. This may be caused by
the large contribution of the IV component in the lower-energy
side in the simulation. For all these isotopes, the IV component
at large angles are overpredicted by more than a factor of 5.
More detailed discussions for these model predictions will be
made in Sec. IV.

B. LCP

‘We compare the results for LCPs here. In Fig. 5, the angular
distributions are shown. The calculated results are shown
for the primary AMD products (green dotted) and the final
AMD+GEMINI products (blue solid) [those with the forced-
decay (red dashed) are discussed in Sec. IV]. It is generally
seen that the shape of the angular distributions are rather
well reproduced by the simulation (blue histograms). For
the proton yield, however, the AMD+GEMINI calculation
underestimates the experimental cross sections by a factor of
~2 at all angles. A similar trend is observed for deuterons.
On the other hand, for « particles, AMD+GEMINI reproduces
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FIG. 3. Comparisons of angular distributions of A = 9-12 iso-
topes in (a)—(g), respectively. See also Fig. 1 caption.

the experimental data well in the entire angular range. The
reproduction of tritons is between those of deuterons and o
particles, but 3He, which is the mirror nucleus, is poorer at the
forward angles. Except for *He, significant yields at forward
angles are contributed by the feeding of the secondary decay
products from the excited IMFs. For 3He, on the other hand,
the feeding contribution is very small at all angles. Figure 6
shows the energy spectra of LCPs. In the proton spectra, the
high-energy tail (E 2 100 MeV) is well reproduced at all the
angles. We see that the underprediction of the proton yield
seen in Fig. 5 is due to the underprediction at low energies.
The spectra for *He and “He are also reproduced reasonably
well by the calculation except for the underpredictions of the
low-energy part. The experimental data of these spectra at
6 = 7° show extended high-energy tails, but they are not seen
at 4° and 9°, which are not shown here, and therefore these
may be caused by the energy calibration at high-energy side at
this angle [4]. The calculated energy spectra of tritons are quite
similar to those of *He, except for the peak height in the 6 = 7°
spectrum corresponding to the difference between tritons and
He already seen in the angular distributions in Fig. 5. On
the other hand, the experimental data shows discontinuity of
the triton spectra at a certain energy, which is not reproduced
by the calculation. A similar disagreement is also seen in the
deuteron spectra.
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FIG. 4. Comparisons of energy spectra of A = 9-12 isotopes. Symbols and lines are same as those in Fig. 2.

C. Cross section

In order to see the reproduction of the yields of isotopes
systematically, angle-integrated cross sections are shown in
Fig. 7, where the integration is performed over all measured
angles from 4°—43° in Fig. 7(a) and over 20°-43° in Fig. 7(b).
As one can see, the AMD+GEMINI calculation reproduces
the cross sections rather well for most particles measured
except for some specific nuclei. As we have already seen in
the angular distributions and energy spectra, the yield of °Be
is overestimated and the yields of 8B, Li, '9Be, and '°C are
underestimated. When one focuses on the IV component emis-

—©- Exp. Data
primary
— Gemini

- - - Forced-Decay

! h

0 40 0

10 20 30 40 0 10 20 30 40
0 (deg)

10 20 3

FIG. 5. Comparisons of angular distributions of light charged
particles for p,d,t, 3He, and “He in (a)—(e), respectively. Blue solid
histograms are from the final products of AMD+GEMINI, the green
dotted ones are from the primary products of AMD, and the red
dashed ones are from the final products with the forced-decay which
is discussed in Sec. IV.

sion as shown in Fig. 7(b), one can see even better agreement
for LCPs and IMF with A < 8 between the experimental data
and the simulations, but distinct differences in heavier IMFs
(A > 8) for which the calculation overpredicts the yields by
a factor of more than 5. In the following section, we discuss
these discrepancies related to the IMF emission mechanism
and sequential decay process.

IV. IMF PRODUCTION MECHANISM

In this section IMF emission mechanisms are investigated,
using the events generated by AMD with the afterburner
GEMINI++ unless otherwise specified.

A. Impact parameter distributions

In Fig. 8, the impact parameter distributions are presented
for IMFs emitted at 0, > 20° without and with the ex-
perimental energy threshold [1], which are typically ~5-8
MeV /nucleon. When the experimental energy thresholds are
not taken into account (red histogram), the yields of these
IMFs show bell shape distributions in a logarithmic plot
except for those with A = 12 in Fig. 8(d). However, when
the experimental energy thresholds are applied (blue dashed
histogram), the yield of each isotope decreases significantly.
The shape of the distributions becomes similar for all cases
and the yield decreases rapidly as the mass increases. The
significant difference between with and without the energy
thresholds indicates that the majority of the large IMFs emitted
at Oy, > 20° originate from the target residues, which have
very small kinetic energy in the laboratory frame. However,
one should note that when the energy thresholds are taken
into account, still notable amount of IMFs are emitted at
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FIG. 6. Comparisons of energy spectra of light charged particles at selected angles. Symbols and lines are same as those in Fig. 2.

Blab > 20° in the simulation and their yields become max-
imum at the central collisions. The energy distributions of
these IMFs are shown in Figs. 2 and 4, which indicates
that these originate from the IV source component. The
similarity of the impact parameter distributions for all IMFs
with the energy threshold (blue dashed histograms) suggests
that they originate from a similar emission mechanism. In
order to shed light on the emission mechanism for these

IMFs in the model, further investigations have been performed
below.

B. Density distributions

In Fig. 9, the time evolutions of density distributions are
plotted for two events with an emission of °Li in Figs. 9(a)
and 9(b) and '>C in Figs. 9(c) and 9(d), respectively, for
central collisions (b = 2.0 fm and b = 0.2 fm, respectively).
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FIG. 7. Comparisons of angle-integrated cross sections over the different measured angular ranges between the AMD+GEMINI calculations
and the experimental data are shown for (a) all experimentally observed over 4°-43° and (b) those over 20°—43°. The experimental data are
shown by open circles. The calculated results of AMD+GEMINI are shown by blue solid squares.
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FIG. 8. Impact parameter distributions of various isotopes calculated with the AMD model for IMFs emitted at 6},, > 20° with different
masses of the primary fragments. In top of each figures (a)—(d), they are indicated. Red solid and blue based histograms represent the calculated
results without and with taking into account the experimental energy threshold, respectively.

In Figs. 9(a) and 9(c) for each event, the whole nucleons
from the projectile and the target are plotted. In Figs. 9(c)
and 9(d), on the other hand, only projectile nucleons are
shown. The impact parameter shift is taken on the X axis
in the AMD simulation. In each case, only one 5Li or 2C
is emitted at },, > 20° with the energy above the detection
energy threshold. In the plotted events, °Li is emitted at
Oy = 42° and Ejy, = 13.3 MeV/nucleon with the excitation
energy Ex/A = 1.4 MeV, and 2C at 0, = 28° and Ep, = 9.9
MeV/nucleon with Ex/A = 1.9 MeV. The projectile and the
target are fully overlapped around ¢ ~ 30 fm/c and then the
system starts to expand and undergoes multifragmentation,
but keeping a forward-backward binary emission pattern as
seen in the right two columns of each event. This indicates

SLi production

that most particles, especially IMFs, emitted at the forward
hemisphere in the center of mass system, originate from the
projectile nucleons even though the collision is almost a central
collision, suggesting that the nuclear semitransparency plays
an important role in the multifragmentation process in this
incident energy regime [23-25]. In fact, 4 of 6 nucleons in °Li
are from the projectile and 9 of 12 nucleons in '>C are from the
target in these events. The semitransparency is also observed
in the original AMD calculation [24]. In order to verify the
semitransparency mechanisms, a momentum distribution and
a phase-space (P,, Z) distribution as a function of time are
plotted in Fig. 10 for the same '°C event in Fig. 9(c). When
two nuclei, the projectile and the target, pass through each
other (¢ ~ 50 fm/c), the P,- P, distribution on the left column

2c production

(a) (b) (©) (d)
20t =10 | =60 L L 20F s .
of ®e & (| o | & of @@ & || © | <f
20} ! . -20F s .
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FIG. 9. Time evolution of nuclear density distributions in the center of mass system, projected on the reaction plane (X-Z plane, Z being
the beam direction), for calculated events for central collisions. Reaction time is indicated in unit of fm/c in each panel of the left two columns.
The smallest circle indicates a nucleon. See details in the text.
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FIG. 10. (Left) Time evolution of the momentum distribution
projected in the X-Z plane for the same '>C event in Fig. 10. (Right)
Time evolution of the phase space distribution projected in the P,-Z
plane for the same '2C event in Fig. 10.

indicates a significant energy dumping in the beam direction.
On the other hand, on the right, one can clearly observe that
P, of the projectile (or target nucleons) keeps moving toward
the beam direction (toward the opposite direction to the beam)
on average, even though the collision is near central (b ~ 0.2
fm). Most of the projectile nucleons pass through the target and
appear on the opposite side with keeping the same direction
of the momentum. This is consistent to the experimental
observation in intermediate heavy-ion collisions [23-25]. For
®Li emission, both projectile and target are multifragmented
after passing through each other. For >C case, one remains as a
large fragment. Apparently these large fragments are expected
to be excited because of the energy dumping as seen in the
P,-P, distribution on the left column, but survived for the
deexcitation process by GEMINI. We will further examine the
secondary process below.

T

T
10% g Li A
el [ SV=78.8% | — primary
- - survived
10f 3
Trrrrrrrrrrrrrr T
10% L L 105 |
ol i | SV=15.1%]
g 10 3 3 3
= t
5]
U 103,
ok SV=5.6% [ SV=13.6% | SV=20.9%]
R=100% R=63.2% R=52.1%
10F 1 T 3
epereeer bbb ;MI;"TH; N
103, C 1 llc 1 IZC i
il SV=9.5% [ SV=202% | SV=20.2% |
R=92.9% R=64.8% R=80.3%

"
Y I Y TN RIS A AN Y

40 1 2 3 40 1 2 3 4
EJ/A (MeV)

FIG. 11. Excitation energy distributions of each fragment emitted
at 6, > 20° and with kinetic energies above experimental energy
thresholds. Red solid and blue dashed histograms represent those for
the excited primary and survived secondary fragments, respectively.
The particle decay thresholds are also shown on the X axis by red
arrows. The green arrow in the ®Li plot, see in the text. For SV and
R values, see also in the text.

C. Secondary decay effect

In order to calculate the excitation energies of the primary
fragments, the binding energy table of ground-state nuclei in a
wide range of isotopes with Z < 24 are calculated separately
using AMD with the SLy4 interaction [17] and stored in the
binding energy table. When the primary fragments are defined
on event-by-event basis using a coalescence technique with a
coalescence radius of 5 fm at the end of the AMD calculation
(t = 300 fm/c), we have the information of the internal wave
function |®g,e) for each fragment. Following the usual pre-
scription, the excitation energy Ey is evaluated by subtracting
the binding energy from the internal energy (Pgrag|H | Prag),
which is the expectation value of the Hamiltonian with the
subtraction of the center-of-mass kinetic energy in a way
similar to Eq. (9). In Fig. 11 we show the excitation energy
distributions of fragments observed at 6, > 20°, i.e., the IV
component, and with kinetic energies above the detection
energy thresholds. (The same energy threshold is applied
also for the primary fragments.) The red histograms show
the distributions of the excitation energies Ex of the primary
fragments produced by AMD. An interesting observation is
that many primary light IMFs with A < 9 are produced in
AMD with very low excitation energies peaked near Ex = 0
even though these fragments in the IV component have been
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FIG. 12. Similar plots to Fig. 11, but at 6,,, < 20°.

emitted from violent collisions. This is in coincidence with
the method for the intercluster correlations introduced in the
present version of AMD to form light nuclei with 6 < A < 9.
In most isotopes, there is another broad component centered
around Ex/A ~ 2 MeV. The blue histograms represent the
distributions of the primary excitation energies Ex for the
survived fragments, which did not decay by GEMINLI. In each
plot, the survivability of the primary nucleus, SV, is given as
the ratio of the number of the survived fragments to the total
number of the primary fragments for each isotope, that is, the
ratio of blue dashed histogram to that of red solid histogram.
IMFs with A < 9 show a rather high survivability due to the
sharp low-energy peak, except for °Li and ®B. On the other
hand, for the survived nuclei, the ratio, R, is defined as the ratio
between yields with Ex > Eyq and the whole, where Epy, is
the particle decay energy threshold.

Figure 12 shows the excitation energy distributions for the
fragments emitted to forward angles 6y, < 20° in a similar
way to Fig. 11. The sharp peaks near Ex = 0 are seen again
for light nuclei with A < 9 in coincidence with the method
for the intercluster correlations. For heavy primary fragments
such as A = 11, the position of the broad peak is shifted
to the low-energy side (Ex/A < 1 MeV) compared with the
case for O, > 20°, which suggests that some PLFs are only
gently excited by the removal of nucleon(s) from the projectile.
The '“C nuclei also have a large component in low excitation
energies. However, the lowest bin of the excitation energy
includes the projectile nuclei, which did not interact with the
target.

As one can see in these figures, many primary fragments
with E, > Epy,, indicated by those above red arrows in the
figures, remain as final products after applying GEMINI. It
mightbe caused by the very large neutron and proton separation
energies for a reduced particle decay width in the GEMINI
code, but it is not certain how reasonable it is, because none
of the known low-lying states above the a-particle threshold
have any significant y strength [26]. In order to see the effect
of possible decays of some of these final IMFs, the survived
fragments with E; > E,y, are forced to decay by a particle
emission. The emission channels are calculated with the decay
probability assumed to be proportional to e~ £m/T  where
T = VE«/A x 8 MeV, without Coulomb energy, spins, and
angular momentum. The results are shown by red dotted
histograms in Figs. 1, 3, and 5 for IMFs and LCPs. For LCPs,
the noticeable forced-decay contribution is only observed for
o particles, which originate from a large cross section of
peripheral collisions (6 fm < b < 8 fm). In these collisions
most of the survived '2C nuclei with E, > Ep, are forced to
decay into 3 «. The final yields overpredict the yields below
0 < 10° and above 6 > 30°. The former is closely relate to
the excited PLF and the latter to the excited TLF. The latter
yield is very sensitive to the detector threshold. On the other
hand, a significant reduction is observed for the IMF yields
with A > 8. The reproduction of angular distributions for the
IV component of these IMFs are significantly improved and
the yields become consistent with the experimental yields
for most of cases. On the other hand their PLF yields are
underpredicted notably for most of cases. For °Li and "Li,
the red dashed histograms become above the blue solid ones
at 6 < 10° and large angles. This is caused by the feeding
from the particle decay of larger IMFs, discussed in the next
subsection.

There are two nuclei for which yields are significantly
underpredicted, SLi and ®B. Here we discuss for °Li while
8B is to be discussed in the next section. As one can see in
the excitation energy distribution for °Li in the top left of
Figs. 11 and 12, there are two peaks below 1 MeV/nucleon.
This is caused by the different spin configurations in the low-
energy states for °Li, the energies of which are calculated in
AMD as

(1212) B.E. ~ —34 MeV
(2121) BE. ~ —34 MeV
(1221) B.E. ~ —30 MeV
(2112) B.E. ~ —30 MeV,

(20)

where the notation (Z4 Z, N4+ N,) indicates the spin-isospin
configuration. In the case of (1212) for example, there is
one proton with spin up, two protons with spin down, one
neutron with spin up, and two neutrons with spin down. The
states (1212) and (2121) corresponds to the M = —1 and
M = 1 states of the actual ground state of °Li with J* = 1+.
On the other hand, the M = 0 state is a superposition of
(1221) and (2112), but AMD does not use the superposition
of Slater determinants, and each of (1221) and (2112) has an
energy expectation value higher than the ground-state energy
due to the mixture of excited states. When the spin-isospin
configuration is one of two upper configurations in the final °Li,
their excitation energy distribution corresponds to the lowest
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FIG. 13. (Left) Energy spectra of the experimental data and the calculated results at 4° for the primary fragments (red dashed histograms)
and final secondary products (blue solid histograms). (Right) Similar plots to the left, but with calculated results for the survived primary
fragments (green solid histograms) and feeding from large parents (magenta dashed histograms). The experimental data are shown by open

circles.

peak (~0 MeV) in the top left of Figs. 11 and 12. When the
SLi is one of the lower two configurations, their excitation
energies start from ~4 MeV corresponding to the peak near
Ex/A ~ 0.7MeV. Therefore when the particle decay threshold
is set to the experimental energy threshold, most of ®Li in this
second peak decay through a particle decay channel, but half of
them should not actually decay. When we set the particle decay
threshold above the second peak as show by the green arrow,
®Li at both peaks remains as the survived primary and the result
is shown by the green dashed histogram in the upper left of
Fig. 1. The reproduction of °Li yield is improved significantly
and becomes comparable to that of "Li case.

D. PLF production

A large part of PLF component is produced in excited
states as shown in Fig. 12, and therefore their particle decay
process affects significantly the final PLF yield. In order to
shed light on the missing PLF component in the final *B
spectra in the AMD+GEMINI simulation, in Fig. 13 energy
spectra of several isotopes at the most forward angle (4°)
are compared between the experimental data (circles) and
the calculated results. On the left, red dashed histograms
are those of the primary fragments and blue solid histograms
are the final products after the secondary decay by GEMINI.
In this section no forced decay is applied for the IMFs with
Ey > Epy. For 8B the primary fragment yields are as much as
the observed yields, but the final yields after the secondary
decay process are about a factor of 10 times smaller. For
other isotopes the primary and final yields are more or less
comparable. These final products are the sum of the survived
primary fragments and the feeding contribution from heavier

parents through particle decays. In order to see the two different
contributions to the final yields, on the right side of the
figure, the survived primary contribution (green solid) and the
feeding contribution (magenta dashed) are plotted separately.
For "Li, both processes have more or less equally contributed
to the final yields. In general the energy distribution of the
feeding contribution has narrower width because the width of
the PLF component of the parents is narrower as the parent
mass increases. For °Li and "Be, the feeding contributions are
dominated. On the other hand for '°C, the survived primary
contribution dominates the final yields. For Be, two thirds of
the final yields originates from the survived primary fragments.
Therefore, the feeding yields depend on the availability of the
possible heavier parent isotopes and their decay properties. For
8B, both contributions are comparable, but they are ~10 times
smaller than the observed yields distributions.

For ®B, there are significant amount of the PLF component
as the primary fragment, but very few remain without particle
decay. Figures 11 and 12 shows that these primary ®B frag-
ments were formed with low excitation energies peaked near
E, = Ojustinaway similar to other light nuclei, most probably
due to the intercluster correlations. However, the method does
not produce fragments exactly in the ground state. A slight
spurious excitation is not usually a problem as far as the state
is treated as stable in the secondary decay code. Unlike most
of the light nuclei, the B nucleus is affected by this subtle
problem because of its very low particle decay threshold. Its
first excited state at 0.77 MeV is already unstable for proton
emission. In such a case, it would be more reasonable to regard
the low excitation component as the ground state without
processing it with the secondary decay. A more fundamental
argument can be given based on the wave function |[®g,g)
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FIG. 14. Comparisons of angular distributions of typical isotopes
in different switching times from AMD to GEMINI for selected IMFs,
"Li, "Be, !'B, and '?C in (a)-(d), respectively. The experimental data
are shown by solid circles. The calculated results of the different
switching time at 300, 1000, and 3000 fm/c are shown by blue solid,
red dotted, and green dashed histograms, respectively. No forced-
decay is used. See details in the text.

of the internal state of each primary fragment. As mentioned
above, the energy expectation value (@y,g| H | Pfrqg) is used in
the standard prescription to obtain the excitation energy E.
However, the state |®g,,) is a superposition of many energy
eigenstates in general, and therefore a more reasonable way is
to choose a nuclear level |V;) randomly based on the overlap
probability |(W;|Pfrae) 2. Even if the energy expectation value
is above the particle decay threshold, the state can have a
significant overlap probabilities with stable states. This would
automatically solve the issue for °Li mentioned above. The
same argument may be applied to the primary heavy PLFs,
which seem to be decaying too much. However, such a
treatment is not within the scope of this paper.

The production of ®B by a neutron emission of °B may
be rare because it is possible only at high excitation energies
of °B above 18.6 MeV while there are other decay channels
already open below this energy. In fact, feeding of B from °B
is suppressed significantly in the AMD+GEMINI simulation.
Since the yield of the primary PLF of °B is more than ten times
larger than that of 8B, if 5-10 % of them decayed by a neutron
decay, it would be sufficient for the observed PLF yields of ®B.

E. Switching time from AMD to GEMINI

The switching time from the AMD calculations to GEMINI,
the afterburner may change the yields distributions if the
dynamical breakup is still important after the switching time.
The results of the different switching times for typical isotopes,
"Li, "Be, !'B, and 'C, are compared in Fig. 14 between the
switching time at 300 fm/c, which is shown in Figs. 1 and 3,
those at + = 1000 fm/c and ¢ = 3000 fm/c. The results are

taken from the GEMINI output and no forced-decay program
is used for the calculation. As shown in the figure, the observed
differences are very small, indicating that the decay of the
excited fragments after + = 300 fm/c are dominated by a
statistical decay process, which is treated by the afterburner
GEMINI in the present work.

V. SUMMARY

The angular distributions and energy spectra of all exper-
imentally observed ejectiles from the '>C + '?C reaction at
95 MeV/nucleon of Ref. [1] are studied, compared to those
of a modified version of AMD, where cluster correlations are
taken into account in the final states of the two-nucleon col-
lision process to form light clusters with A < 4. Correlations
between clusters are also taken into account to form light nuclei
by binding several light clusters. This extended version of
AMD reproduces the global characteristic of the LCP and IMF
emissions to some extent. In particular, not only light clusters
but also many of light nuclei with A < 9 are emitted with
very low excitation energies in the IV component in violent
events. However, in detail, there are some problems. For LCPs,
the calculation underestimates the production, except that o
particles are rather well reproduced in their angular distribution
and energy spectra. We have found that it is important to
carefully handle the excitation energies of primary fragments
and their statistical decays. The AMD+GEMINI calculation
reproduces the production of IMFs with A = 7 very well but
significantly underpredicts the yields of °Li and ®B at all angles
and overpredicts the yields of isotopes with 9 < A < 12 at
Blab > 20°. The possible reasons for these discrepancies are
discussed with the method to extract the excitation energy
from the wave function of each primary fragment and with the
large survivability of IMFs with the excitation energy above the
particle decay threshold in the GEMINI calculation. However,
overall the calculated results of AMD with cluster correlations
indicate that the cluster correlations have strong impacts on the
emissions of IV component of IMFs.

The cluster correlations in the present model can be too
strong in principle because the correlations are introduced
as much as possible, while the properties of clusters may be
modified in medium. It is an interesting future subject to study
the relation between the strength of cluster correlations and the
particle composition of the IV source component.
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