L

JAERI-Research JP0050456

2000-027

INCIDENT-ENERGY DEPENDENCE OF THE FRAGMENTATION MECHANISM
REFLECTING THE CLUSTERING STRUCTURE OF THE “B NUCLEUS

May 2000

Hiroki TAKEMOTO, Hisashi HORIUCHI  and Akira ONO™~

BAXRFHDHRAPR
Japan Atomic Energy Research Institute




AL = ML, WK e 25 A 220 AL L To s el T3,

AT-OW A HEE, HARK S URERT e 0B 7e i a8 (T319-1195 L 15 5y
Wi hkl) HT, BHLBL X0, A, TOE0 WA s st o
5= (F319-1195 LMWL IRETEL SOy LA - TFFEi ) GRS & 25 i 7 B
IheoTBY EY,

This report is issued irregularly.
Inquiries about availability of the reports should be addressed to Research Information
Division. Department of Intellectual Resources., Japan Atomic Energy Research Institute,

Tokai-mura, Naka-gun. Ibaraki-ken, 319-1195. Japan.

C Japan Atomic Encrgy Rescarch Institute. 2000

ES k0 FEACISE 5~ A 2E



JAERI-Research 2000-027

Incident-energy Dependence of the Fragmentation Mechanism

Reflecting the Clustering Structure of the 1B Nucleus

Hiroki TAKEMOTO, Hisashi HORIUCHI* and Akira ONO**

Advanced Science Research Center
(Tokai-Site)
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun , Ibaraki-ken

(Received May 10, 2000)

We investigate how clustering structure of neutron drip-line nucleus B is reflected
in heavy-ion reactions. We compare '°B fragmentation in "B + N reactions with *B
fragmentation in *B + !N reactions calculated by antisymmetrized molecular dynamics,
where 1B has a well developed cluster structure in its ground state while B has no
clustering features in its structure. The clustering structure of the '?B nucleus is reflected
in its fragmentation as the simultaneous breakup of B into He and Li isotopes, and we
investigate the dependence of this cluster breakup of the B nucleus on incident energy.
We find that the most adequate incident energy for verification of the clustering structure
of the B nucleus by the use of the coincident experiment between He and Li isotopes
is around 30 MeV /nucleon. This incident-energy dependence can be explained in terms
of the competition between the mean-field effect and nucleon-nucleon collision processes.
The mean-field effect causes the cluster breakup of the 1B nucleus, while nucleon-nucleon
collision processes work to destroy constituent clusters of the B nucleus. We also

investigate the influence of the ncutron-rich property of the "B nucleus.
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1. INTRODUCTION

The amount of experimental information regarding nuclei far from the stability line
has been increased greatly by means of unstable nuclear beams [1-3]. Recently obtained
data of neutron-rich B isotopes display an interesting dependence of electric and magnetic
moments on the neutron number N [4,5]. It is expected that the N dependence of the
electromagnetic properties is caused by some structure change, such as development of
cluster structure. The possibility of clustering structure in neutron-rich B isotopes has
been theoretically suggested in a pioneering work with the molecular-orbital model. [6,7] In
the model, B-isotope systems are described as being composed of an a-a core surrounded
by neutrons and a proton. It was found that the optimum distance of the a-a core of the
B isotope became larger with an increase in the neutron number N in the N > 8 region.

Recently, structure of odd-even B isotopes up to the neutron drip-line was studied
systematically with antisymmetrized molecular dynamics (AMD) [8]. The AMD method
is free from any model assumptions such as the existence of clusters, so it is appropriate for
studying the neutron-number dependence of the structure, such as the structure change
from shell-model-like structure to clustering structure. Binding energy and other observed
data of B isotopes are reproduced by the AMD method quite well, and, in particular,
a very good reproduction of electromagnetic properties is obtained. The behavior of
electromagnetic properties has been explained in terms of the drastic structure change
from the shell-model-like structure to the clustering structure; namely, the neutron-closed
shell nucleus, the B nucleus, possesses the shell-model-like structure, and the cluster
structure develops with an increase of N beyond N = 8. This explanation gives us an
important indication that the clustering structure in neutron-rich B nuclei is strongly
suggested by experimental data.

In this paper we investigate by using the AMD method how the well developed cluster
structure of the "B nucleus predicted theoretically is reflected in heavy-ion reactions, and
suggest the experimental way to verify the cluster structure of the B nucleus by the use

of the fragmentation reaction. In order to study this kind of subject on the reflection of
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nuclear structure in heavy-ion reactions, the theory needs to describe both nuclear struc-
ture and nuclear reaction. The AMD method is this kind of theory. The AMD method
does not assume any reaction mechanisms producing fragments such as a coalescence, the
participant-spectator mechanism, neck fragmentation, bubble fragmentation, the liquid-
vapor phase transition, and so on [14]. Therefore we can study these various kinds of
fragmentation mechanisms systematically, and we can also study an unknown reaction
mechanism. Furthermore the AMD method is applicable not only to nuclear reaction
problems [10-13] but also to nuclear structure problems [8,9] where the AMD method
does not set any structural assumption, and can describe the mean-field character and
the clustering degrees of freedom. Hence, by using the AMD method, we can study the
fragmentation related to nuclear structure [15,16] such as the cluster structure of the °B
nucleus.

Recently we have investigated the fragmentation mechanism reflecting the cluster
structure of the B nucleus by calculating B + N and B + !N reactions at 35
MeV/nucleon with the AMD method [17]. Here the B nucleus has the well developed
cluster structure, while the *B nucleus has the shell-model-like structure having no seed
of clusters. By comparing !B fragmentation with '*B fragmentation, we have found that
more He and Li isotopes are produced in !°B fragmentation than in *B fragmentation,
and that most of He and Li isotopes arising from B fragmentation are produced simulta-
neously. From this result, we have concluded that the cluster structure of the '°B nucleus
is reflected as the simultaneous breakup of the B nucleus into He and Li isotopes in
its fragmentation, and we have suggested that there is the possibility that the clustering
structure of the !B nucleus in its ground state can be verified experimentally by the
use of 1B fragmentation in heavy-ion reactions, in particular, in a coincident experiment
between He and Li isotopes. It has not been yet confirmed experimentally whether the
"B nucleus has the cluster structure or not.

In this paper, we calculate B + N and '®B + !N reactions at several incident
energy by using the AMD method, and investigate the incident-energy dependence of

9B fragmentation to search for the most suitable incident energy to verify the cluster
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structure of the "B nucleus experimentally by the use of the fragmentation mechanism.
IFurthermore we also study the reaction mechanism reflecting the neutron-rich property
of the B nucleus. In the next section, we describe the AMD formalism briefly. The
properties of the ground states of B isotopes calculated in the AMD framework are given
in Sec. 3. In Sec. 4 A we give the general feature of "B fragmentation, and in Sec. 4 B
we make an investigation into the incident-energy dependence of the fragmentation mech-
anism reflecting the cluster structure of the "B nucleus, and we make clear the effect
of mean-field and nucleon-nucleon collision processes on the cluster breakup of °B in
Sec. 4 C. In Sec. 4 D we describe the reaction mechanism reflecting the neutron-rich prop-
erty of the '°B nucleus. Finally, we close the paper by giving a summary and conclusions

in Sec. 5.

2. BRIEF EXPLANATION OF AMD FORMALISM

The formalism of AMD is described in detail in Ref. [10], and we give only an outline
of the AMD method below. In AMD, the wave function of the A-nucleon system |<I>) is

described by a Slater determinant,

1

@) = mdet [p: ()] (1)

where

$i =0z, Xe; (i=pT,pl,nT,n 1) (2)

and
bz, = (2?”) : exp {—u (r — %)2 + %Z?] , (3)

7
Z;=+\vD; + —=K;
VvD; + 2hﬁK (4)

Here, x,, and ¢z, represent the spin-isospin wave function and the spatial wave function of

the ith single particle state, respectively. v is the width parameter, which is independent
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of time, and we use ¥ = 0.16 fm~? in the following calculations. Z = {Z;} represent the

positions of the centers of Gaussians, and the A-body wave function |®) is parameterized
by Z.
The time development of Z is determined by the time-dependent variational principle,

which leads to the following equation of motion for Z:

d OH
iRy Cipjr—2;r = =—— and c.c,, (5)
o dt 0z},

(®(2)|H|® (2)) _ 3h2VA+T0(A— Ng). (6)

. (@(2)]
22 =2y M

82

Clia,jr = mln (@(2)|®(2)), (7)

where o,7 = z,y, 2. In this paper we adopted the Gogny force [18] as the effective cen-
tral force in the Hamiltonian. The Gogny force contains a finite range two-body force
and a density-dependent zero-range repulsive force, and it gives a momentum-dependent
mean field. The second and third terms in Eq. (6) are correction for the sake of removing
the zero-point energies of the center-of-mass motion of fragments in the Hamiltonian H.
Without this correction, we can not reproduce Q-values in treating fragment formation.
Nr represents the number of fragments, and is a function of real parts of Z (see ap-
pendix A). The value of T, should be equal to that of 34%v/2M in principal, but it is
slightly changed in order to obtain better binding energies of nuclei. In this paper T is
set to be 8.8 MeV.

When we apply AMD to heavy ion reactions, nucleon-nucleon collision processes should
be incorporated. In the AMD framework, two nucleons scatter stochastically when the
spatial distance between them is small. But due to the effect of antisymmetrization, the
centers of Gaussians Z, {D;} and {K}, do not always have the meaning of positions and
momenta of nucleons. Hence we must transform coordinates Z to the physical coordinates
W = {W,}, whose real and imaginary parts can be interpreted as the positions and

momenta of nucleons, respectively:
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Z,= VR + ——=P, (8)

W= ZA: <\/5>] N

J=1
where

5

Qi; = mln (@(Z)|2(2)) . (9)

In the AMD framework, when the physical positions R; and R; of two nucleons be-
come close, nucleon-nucleon collision can occur and the physical momenta P; and P; are
changed stochastically into P} and P’; namely, W = {W,} changes into W' = {W';}
(see appendix B about nucleon-nucleon cross sections used here). Since we have to calcu-
late the time development of Z after the nucleon-nucleon collision has occurred, we must
retransform W' to Z’. But it can happen that there exist no coordinates Z’ corresponding
to W’. If this situation occurs, this nucleon-nucleon collision is not realized. We refer
to those W' which have no corresponding Z’ as Pauli forbidden and others as Pauli al-
lowed. The above definition of the Pauli forbidden and allowed regions is the extension
of that of the time-dependent cluster model [19]. In the AMD method, the fermionic
nature of nucleons is treated exactly, because the wave function of an A-body system is
antisymmetrized by a Slater determinant. Hence the Pauli principle is fully incorporated.

Ground states of colliding nuclei have to be prepared before AMD simulations. In order
to construct the wave function for the ground state, we should determine the parameters
Z which minimize the expectation value of the Hamiltonian H. First, we randomly choose
7, which expresses an initial state with high excitation energy. This initial state is then
cooled down by applying the frictional cooling equations for Z, which are obtained by
multiplying the right-hand side of Eq. (5) with (A +iu):

d 0
ih E Cig,ﬁEZ}-T =1+ iu)aZ* and c.c., (10)
a7 . 10

where A and p are arbitrary real numbers. [t is easily proved that energy of a system

decrecases with time,

dH
E<O, (11)
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if 4 < 0. Then the wave function of the minimum-energy state is obtained after suffi-
cient cooling time. This cooling method explained above is called the frictional cooling

method [9].

3. GROUND STATES OF B ISOTOPES

Before turning to the main subject, a few remarké should be made concerning the
properties of B isotopes obtained by the frictional cooling method. Density distributions
of B isotopes based on the AMD wave functions obtained by the frictional cooling method
are displayed in Fig. 1. AMD calculations show the development of the cluster structure
of B isotopes with an increase of the neutron number; namely, the 3B nucleus which is a
neutron closed shell nucleus has the shell-model-like spherical structure, and gradually the
cluster structure develops as the neutron number increases, and the *°B nucleus which is
a neutron-drip-line nucleus has the well developed cluster structure. This development of
the clustering structure of B isotopes with increasing neutron number is considered to be
a unique structure in unstable neutron-rich nuclei to bind neutrons as many as possible by

a few protons. Such a clustering structure of neutron-rich nuclei has not been confirmed

experimentally.
T T T T T T T T T T T
5 [ 1B ° proton 15 ° proton | g © proton ] 15 ° proton |
L * neutron * peutron ] ¢ neutronp * neutron
E of ] ] ]
o ]
St Eting = 84.8 MeV ] Epig = 87.3 MeV Eping = 87.7 MeV Eping = 88.3 MeV
) ST S ST T [ T T S S Y AU U ST S T S Y N S S R N | IS S S ST S T WY N | BT R U STt al
-5 0 5 -5 0 5 -5 0 5 -5 0 5
z [fm] z [fm] Z [fm] Z [fm]

FIG. 1. Density distributions of the ground states of B isotopes based on the AMD wave
functions obtained by the frictional cooling method. Open and filled circles represent the centers

of Gaussians of protons and neutrons, respectively.

Figure 2 compares the binding energies and root-mean-square radii of the ground states
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FIG. 2. Binding energies and root-mean-square radii of the ground states of B isotopes, which
are shown in left and right panels, respectively. The solid and dashed lines indicate the AMD

calculation and experimental data, respectively.

of B isotopes calculated by the AMD method with those of the experimental data, which
are shown in left and right panels, respectively. The binding energies of B isotopes within
the AMD framework reproduce the experimental data quite well. It should be stressed
here that relative binding energy (Q value) are important to describe fragmentation in
heavy-ion reactions. Experimental data for root-mean-square radii of B isotopes are also
reproduced quite well by the AMD calculations. The root-mean-square radii become large
with the increase of the neutron number N due to the development of the cluster structure

with the increase of N, as is shown in Fig. 1.

4. INCIDENT-ENERGY DEPENDENCE OF 1°B FRAGMENTATION

We investigate the incident-energy dependence of the fragmentation mechanism re-
flecting the cluster structure of the B nucleus in its ground state, and search for the
most adequate incident-energy region to verify the cluster structure of the B nucleus

experimentally by the use of the fragmentation reactions. We also study the reaction
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mechanism arising from the neutron-rich property of the B nucleus. We calculate '°B
and B induced reactions on the N target at several incident energies by using the AMD
method, and compare 'YB fragmentation with '*B fragmentation where the "B nucleus
has the well developed cluster structure, while the '*B nucleus has no seed of clusters in
the ground state, as is shown in Fig. 1.

The analyses in this paper are done for the projectile-like fragments, namely the
fragments from *B and "B nuclei. In order to separate projectile-like and target-like
fragments, we give the following definition. The fragments emitted in the forward direction
are considered to be target-like fragments, while the fragments emitted in the backward
direction are considered to be projectile-like fragments. We distinguish the forward and
backward directions based on the nucleon-nucleon center-of-mass system, that is to say,
the fragments whose P,/A (the incident direction is the z direction) is larger than that of
the nucleon-nucleon center-of-mass system are considered to be scattered in the forward
direction, and the fragments whose P,/A is smaller than that of nucleon-nucleon center-
of-mass system are considered to be scattered backward direction.

P./A distributions of He isotope produced in B + !N (left panels) and *B + N
(right panels) at 25, 35, and 55 MeV /nucleon are shown in Fig 3 from top to bottom
panels. In all panels, left and right arrows indicate the incident momenta of the projectile
which is B or ®B in this case and the target which is N, respectively. The central
arrows inscribed ‘cut off’ indicate momenta of nucleon-nucleon center-of-mass systems in
the center-of-mass systems where AMD calculations are performed. The projectile-like
and target-like peaks are clearly seen in P,/A distributions when the incident energy is
beyond 35 MeV /nucleon, and we see that our definition of the separation of projectile-like
and target-like fragments works well. However there are not seen two peaks definitely in
P, distributions at 25 MeV /nucleon because projectile-like and target-like peaks overlap
each other. Accordingly. our definition of projectile-like and target-like fragments does not
work well in the low incident energy region. But we can extract projectile-like fragments
by coincidence with another projectile-like fragments, which is shown by dashed lines that

indicate P./A distributions of He isotopes in coincidence with projectile-like Li isotopes.
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FIG. 3. P,/A distributions of the He isotope in 1B + 14N (left panels) and '*B + "N (right
panels) at 25 (top panels), 35 (middle panels) and 55 (bottom panels) MeV/nucleon. Left and
right arrows indicate the incident momenta of the projectile, which is 198 or 13B in these calcu-
lations, and the target, which is N in this case, respectively, and center arrows inscribed ’cut
off” indicate momenta of nucleon-nucleon center-of-mass systems in the center-of-mass systems
where AMD simulations are performed. Broken lines show P,/A distributions in coincidence

with projectile-like Li isotopes.
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By taking a coincidence with projectile-like Li isotopes, projectile-like peaks appear in
P./ A distributions of the He isotope even if the incident energy is low. At 55 MeV /nucleon,
the target-like peak also comes to appear in the coincident P,/A distribution. This is
because the system breaks up into more small pieces when the incident energy becomes

higher.

A. Features of fragmentation mechanisms reflecting the difference in character

between B and '°B nuclei

As a beginning, we show how the difference in character between the '?B and '®B nuclei
is reflected in their fragmentation. The left panel of Fig. 4 compares a charge distribution
from "B fragmentation with that from '*B fragmentation in *N-target reactions at 35
MeV /nucleon. Solid and broken lines indicate the charge distributions from B and '°B
fragmentation, respectively. We can see three distinct features reflecting the difference
in character between the '®B and "B nuclei in charge distributions [17]. First one is
the reflection of cluster structure of the '°B nuclei; namely, more He and Li isotopes are
produced in B fragmentation than in 3B fragmentation. Second one is the reflection
of the neutron-rich property of the B nucleus, which is shown by the abundance of
fragments with Z > 5 in "B fragmentation compared with in *B fragmentation. This
is because the "B nucleus approaches the stability line by exchanging neutrons with
protons. The neutron-rich property of the '°B nucleus is also reflected as the suppression
of the production of Be isotopes in !B fragmentation compared with *B fragmentation.
This is due to the opposite reason causing the abundance of the fragments with Z > 5
in 1B fragmentation. Third one is the reflection of a loosely bound system of the °B
nucleus with respect to the neutron emission. This is indicated by the production cross
section of B isotopes from which the contribution of elastic and inelastic scattering is
excluded. Neutron evaporation from the "B nucleus is more preferable than that from
the *B nucleus since the production cross section of B isotopes in the '°B induced rection

is larger than that in the B induced one.
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FIG. 4. Charge distributions and coincident charge distributions with the projectile-like Li
isotope from 1°B and 9B fragmentation in *N-target reactions at 35 MeV /nucleon, which are
shown in upper and lower panels, respectively. Solid and broken lines indicate those from B

and 1B fragmentation, respectively.

If the abundance of He and Li isotopes in *B fragmentation compared with in *B
fragmentation is caused by the cluster structure of the B nucleus, these He and Li
isotopes should be produced simultaneously. The right panel of Fig. 4 displays‘charge
distributions in coincidence with the projectile-like Li isotope where the coincident cross
sections are normalized by the total production cross section of Li isotopes. Solid and
broken lines indicate those from °B and !*B fragmentation, respectively. As is clearly
seen, most of Li isotopes are produced by the simultaneous breakup of the B nucleus
into He and Li isotopes in !°B fragmentation, while most of Li isotopes are accompanied
with the emission of H isotopes in !B fragmentation. From the above result, we conclude
that the cluster structure of the 1°B nucleus is reflected as the simultaneous breakup into
He and Li isotopes in B fragmentation, and suggest that there is a possibility to verify
the cluster structure of the '°B nucleus by the coincident experiment between He and Li
isotopes in '°B fragmentation [17].

Having obtained a general view of '*B and !°B fragmentation, we may turn to the

incident-energy dependence of '°B and B fragmentation. Left and right panels of Fig. 5
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FIG. 5. Charge distributions and coincident charge distributions with the projectile-like Li
isotope from B and 1B fragmentation in *N-target reactions at 100 MeV /nucleon, which are
shown in upper and lower panels, respectively. Solid and broken lines indicate those from 1¥B

and '*B fragmentation, respectively.

show charge and coincident charge distributions at 100 MeV /nucleon, respectively. As
is shown in the upper panel of Fig. 5, charge distributions from B and *B fragmen-
tation become very similar each other when the incident energy is increased up to 100
MeV /nucleon. Especially, the production cross sections of He and Li isotopes are almost
same, and Li isotopes are produced by the reaction accompanied with the emission of H
isotopes in both fragmentation, as is shown in the coincident charge distributions with
the projectile-like Li isotope. This results indicates that the clustering structure of the
198 nucleus is not reflected in high incident-energy region. Concerning the reflections of
the neutron-rich property and the neutron-loosely-bound system of the !°B nucleus, they
slightly remain at 100MeV /nucleon, which is shown by the slight abundance of fragments

with Z > 5 in '°B fragmentation compared with in *B fragmentation.
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B. Fragmentation mechanism reflecting the cluster structure of the B nucleus

Hereafter we shall focus on the fragmentation mechanisms reflecting the cluster struc-
ture of the B nucleus in view of the production of Li isotopes. The left upper panel of
Fig. 6 shows excitation functions of Li isotopes in *B + N and B + N reactions.
At 25 MeV /nucleon, the production cross section of Li isotopes in '?B fragmentation is
much larger than that in '®B fragmentation. As the incident energy increases up to 55
MeV /nucleon, the production cross sections of Li isotopes in '?B fragmentation decreases,
while that in "”B fragmentation increases, and they meet at 55 MeV/nucleon. As inci-
dent energy increases further, these two cross sections rise slowly each together, that is to
say, the difference between B and '°B fragmentation disappears in high incident-energy
region above 55 MeV /nucleon.

As has been pointed out, the cluster structure of the B nucleus is reflected as the
simultaneous breakup of the B nucleus into He and Li isotopes. The right upper panel of
Fig. 6 shows coincident cross sections of Li isotopes with H or He isotopes extracted from
the production cross sections of Li isotopes in "B + N reactions, which are indicated
by dotted and dotted-dashed lines, respectively. The coincident cross section between
He and Li isotopes in '”B fragmentation decrease monotonously with the incident energy
increasing, and, on the other hand, the coincident cross section between H and Li iso-
topes increases with the incident energy increasing. These two coincident cross sections
cross around 50 MeV/nucleon, and the dominant process producing Li isotopes in B
fragmentation turns from the simultaneous breakup into He and Li isotopes in low in-
cident energies to the breakup of "B into the Li isotope accompanied with H isotopes
in high incident energies. By comparing the coincident cross section of Li isotopes with
H isotopes in "B fragmentation with the production cross section of Li isotopes in *B
fragmentation where the dominant process producing Li isotopes is the breakup of B
into a Li isotope accompanied with H isotopes, we see that both cross sections have the
similar incident-energy dependence, and absolute values of cross sections are almost the

same each other in the whole incident energy region except for 25 MeV /nucleon.
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FIG. 6. Excitation functions of Li isotope productions in B + N and !*B + *N reactions,
which are indicated by solid and broken lines, respectively, in the left upper panel. In the right
top panel, coincident cross sections of Li isotope with He and H isotopes in 1°B induced reactions
are shown by dotted-dashed and dotted lines, respectively. Left and right lower panels show the
ratios of the coincident cross sections of a Li isotope with H and He isotopes and fragments with
Z > 3 to total production cross sections of Li isotopes in 13B 4+ 1N and B + N reactions,
respectively. Solid, broken and dotted lines indicate those in coincidence with H and He isotopes,

and fragments with Z > 3, respectively.
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Accordingly we find that the abundance of Li isotopes in '"B fragmentation compared
with *B fragmentation in low-incident energy region is due to the simultaneous breakup
of the B nucleus into He and Li isotopes by reflecting the cluster structure of the B
nucleus, and that at high incident-energy the dominant process producing Li isotopes
becomes the breakup into a Li isotope accompanied with H isotopes in both !°B and *B
fragmentation, and therefore the difference of siructure between *B and '°B nuclei is not
seen in their fragmentation at high incident energy.

In order to see the change of reaction mechanisms producing Li isotopes in °B and *B
fragmentation, we plot the ratio of coincident cross sections of Li isotopes with H or He
isotopes or fragments with Z > 3 to total production cross sections of Li isotopes, which
are indicated by solid, broken and dotted lines in lower panels of Fig. 6, as a function of
the incident energy. Left and right lower panels of Fig. 6 show »*B and '°B fragmentation,
respectively. In the case of 1*B fragmentation, the dominant process producing Li isotopes
is the breakup into a Li isotope and H isotopes in whole incident energy region investigated
here. Namely, there is scarcely any correlation among production of He and Li isotopes in
3B fragmentation at all incident energy because the B nucleus hzvxs no seed of clusters
in its ground state. On the other hand, in the case of B fragmentation, the dominant
process producing Li isotopes is the simultaneous breakup of the *B nucleus into He and
Li isotopes in low incident-energy region. The contribution of this cluster breakup of the
9B nucleus to the production of Li isotopes has the peak at ~ 35 MeV/nucleon, and
its ratio to the production of Li isotopes reaches to 80 percent by reflecting the cluster
structure of the '*B nucleus.

The contribution of the cluster breakup of the B nucleus becomes small with the
incident energy increasing, and above ~ 50 MeV /nucleon the dominant process producing
Li isotopes turns to the breakup mechanism accompanied with H isotopes from the cluster
breakup of the !B nucleus. This means that the information of cluster structure of the 1°B
nucleus loses in its fragmentation at high incident energy due to more violent collisions.
In the lower incident-energy region below 35 MeV /nucleon, the contribution of the cluster

breakup of the !B nucleus to the production of Li isotopes decreases. This is because the
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breakup of the "B nucleus accompanied with proton transfer reactions contaminates the
cluster breakup of the '°B nucleus into He and Li isotopes in heavy-ion reactions at lower
incident energy due to the neutron-rich property of the B nucleus. which is indicated
by the dotted line that represents the ratio of the coincident cross section between a Li
isotope and the fragment with Z > 3 to the total cross section of Li isotopes in the right
bottom panel of Fig. 6. By comparing '*B fragmentation with B fragmentation, the
ratio of the breakup of the B nucleus accompanied with proton transfer to the total
production cross section of Li isotopes reaches up to 35 % at 25 MeV/nucleon, and, on
the other hand, this ratio in 1*B fragmentation at 25 MeV/nucleon reaches up to less than
10 %.

These results lead to the following conclusions. The cluster structure of the B nucleus
is reflected as the simultaneous breakup of the "B nucleus into He and Li isotopes in
its fragmentation. The contribution of the cluster breakup of the B nucleus to the
production of Li isotopes becomes largest around Fermi energy. In higher incident energy
region, the cluster structure of the '*B nucleus is not reflected in its fragmentation due to
more violent collisions, and in lower incident energy region, the cluster breakup of the !°B
nucieus is contaminated by proton transfer reactions due to the neutron-rich property of
the "B nucleus. Therefore we suggest here that coincident experiment between He and Li
isotopes may confirm whether the "B nucleus has cluster structure in its ground state or

not, and that the adequate incident energy for the experiment is around 30 MeV /nucleon.

C. Effect of mean field and nucleon-nucleon collision processes on the cluster

breakup of the B nucleus

Let us consider the incident-energy dependence of the fragmentation mechanism re-
flecting the cluster structure of the B nucleus from the point of view of the competition
between mean field effect and nucleon-nucleon collision processes. In order to extract
the mean-field effect in the AMD framework, we perform AMD simulations switching off

nucleon-nucleon collision processes.
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FIG. 7. Incident-energy dependence of coincident cross sections between He and Li isotopes
in 1°B + 14N reactions with and without nucleon-nucleon collision processes, which are indicated

by solid and broken lines, respectively.

Figure 7 compares the coincident cross sections between He and Li isotopes in 1°B +
1N reactions with and without nucleon-nucleon collisions, which are indicated by solid
and broken lines, respectively. In low incident-energy region the cross section of the
cluster breakup of the B nucleus into He and Li isotopes in the case without nucleon-
nucleon collisions is much larger than that in the case with nucleon-nucleon collision
processes;namely, the cross section of the cluster breakup of the B nucleus is reduced
by nucleon-nucleon collision processes. Thus we see that the mean field from the N
target mainly causes the cluster breakup of the !B nucleus into He and Li isotopes, and
that nucleon-nucleon collision processes work to destroy constituent clusters of the °B

nucleus.

As the incident energy is increasing, the cross section of the cluster breakup of the 1°B
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nucleus decrcases monotonously, and the tendency of this decrease with the incident en-
ergy increasing remains even if nucleon-nucleon collision processes are included. Therefore
we can see that the incident-energy dependence of the cluster breakup of the B nucleus
is mainly determined by the mean-field effect from the target. The effect of the mean-field
from the target becomes weak with the incident energy increasing because the interaction
time becomes short, and, as a result, the B nucleus cannot get the perturbation from
the target enough to break up into He and Li clusters in high incident-energy region.
For the moment let us look closely at the effect of the mean field and the nucleon-
nucleon collisions on the cluster breakup of the ®B nucleus in terms of the impact-
parameter dependence. Left and right upper panels of Fig. 8 show the impact-parameter
dependence of Li production in *B + !N reactions at 35 and 100 MeV/nucleon, re-
spectively, and bottom panels show the number of nucleon-nucleon collisions per event
as a function of the impact parameter. Solid and broken lines indicate the cases with
and without nucleon-nucleon collisions, respectively, and dotted lines indicate the impact
parameter dependence of the cluster breakup into Li and He isotopes with inclusion of
nucleon-nucleon collision processes. It should be noticed here that all Li isotopes are pro-
duced together with He isotopes in the case without nucleon-nucleon collision processes.
At 35 MeV /nucleon, the cluster breakup of the B nucleus only by the mean-field effect
occurs most frequently at semi-peripheral collisions around 3-5 fm. It is considered that
adequate perturbation by the mean field from the target is necessary for the '°B nucleus
to break up into He and Li isotopes . This peak around 3-5 fm arising from the mean-
field effect disappears with inclusion of nucleon-nucleon collisions. As is shown in bottom
panels of Fig. 8, more nucleon-nucleon collision processes occur at more central collisions.
As a result, in the real B + !*N reaction at 35 MeV/nucleon, the B nucleus breaks
up into He and Li isotopes at peripheral collisions most frequently, and the probability of
the cluster breakup of the '*B nucleus decreases with the impact parameter decreasing.
When incident energy increases up to 100 MeV /nucleon, the peak arising from the
mean-field effect shifts to central collisions from semi-peripheral collisions, and the height

of the peak becomes lower. This is because the interaction time becomes short with the in-
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FIG. 8. Impact-parameter dependence of the production of Li isotopes in 1°B + 14N reac-
tions at 35 and 100 MeV/nucleon, which are shown in left and right top panels, respectively.
Solid and broken lines indicate the cases with and without nucleon-nucleon collision processes,
respectively. Dotted lines represent the impact-parameter dependence of the cluster breakup of
the 19B nucleus into He and Li isotopes in the cases with nucleon-nucleon collision processes.
Left and right bottom panels show number of nucleon-nucleon collisions per event in 1°B + 4N

reactions at 35 and 100 MeV /nucleon, respectively.

cident energy increasing, and the "B nucleus cannot get enough perturbation to break up
into He and Li clusters from the mean field of the !*N target at semi-peripheral collisions
in high incident-energy region. With inclusion of nucleon-nucleon collision processes this
peak at central collisions disappears due to the reduction by nucleon-nucleon collisions.
We are now able to explain the incident-dependence of the cluster breakup of the B
nucleus in terms of the competition between the mean-field effect and nucleon-nucleon
collisions processes. The mean field from the target causes the cluster breakup of the

9B nucleus, and, on the other hand, nucleon-nucleon collision processes work to destroy
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constituent clusters of the 2B nucleus. In low incident-energy region around Fermi energy,
the B nucleus can get enough perturbation from the mean field of the target to break
up into He and Li clusters and they survive with large probability even if nucleon-nucleon
collision processes are included. As the incident energy is increasing, the interaction time
becomes short, and the mean-field effect becomes weak. As a result, the B nucleus is
not disturbed by the mean field from the target nucleus enough to break up into He and
Li clusters, and the cross section of cluster breakup of the !B nucleus decreases with the

incident energy increasing.

D. Reaction mechanism reflecting the neutron-rich property of the 1B nucleus

Let us move to the subject of the reaction mechanism reflecting the neutron-rich
property of the '°B nucleus, which is indicated by production cross sections of fragments
with Z > 5 as was mentioned previously. The left panel of Fig. 9 displays the excitation
functions of C isotopes in B + N and B + N reactions, which are denoted by solid
and broken lines, respectively. The right panel of Fig. 9 shows C-isotope distributions in
19B" 4 N reactions at 35 and 75 MeV/nucleon, which are denoted by solid and broken
lines, respectively.

At 35 MeV/nucleon, as is shown in the right panel of Fig. 9, the most abundant C
isotope is 8C. Therefore we find that C isotopes are produced by the proton transfer
with several neutron emissions. As incident energy is increasing up to 75 MeV /nucleon,
the C-isotope distribution shifts to smaller mass region. This means that C isotopes are
produced by the proton transfer reaction with more neutron emissions with the incident
energy increasing. As is shown in the left panel of Fig. 9, the production cross sections of
C isotopes in both B and "B fragmentation decrease with incident energy increasing.
This is because large fragments such as a C isotope are hardly produced due to more
violent collisions at high incident energy, as was mentioned in the discussion on the frag-
mentation mechanism reflecting the cluster structure of the B nucleus. By comparing

9B fragmentation with *B fragmentation, the production cross section of C isotopes in
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FIG. 9. The top panel shows excitation functions of C isotopes in 1B + N and *B + N
reactions, which are indicated by solid and broken lines, respectively. The bottom panel shows
C-isotope distributions in B + 14N reactions at 35 and 100 MeV /nucleon, which are denoted

by solid and broken lines, respectively.

19B fragmentation is much larger than that in *B fragmentation in the whole incident-
energy region investigated here. It is expected that, by exchanging neutrons with protons,
the B nucleus approaches the stability line, and, as a result, the production of C isotopes
is more favorable in the '°B induced reaction than in the *B induced reaction.

There are considered to be two factors arising the abundance of C isotopes in B
fragmentation compared with in '°B fragmentation. One is that protons of the '*N target
feel more attractive potential in the !B nucleus than in the ®B nucleus. In order to see
the dynamical potential for a proton to feel in reactions, we simulate p + °B and p +
13B reactions at 35 MeV without any stochastic collisions and with an impact parameter
of 0 fm, and calculate potentials that a proton feels during reactions in the following way.
The expectation value of the effective interaction part of Hamiltonian is written as
A

> (wiv; [v] erer — wrox) By B!
ijki=1

Y =

N =

E; (12)

Il
s,M;,;

where
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and the the Gogny force [18] has the form
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Here we define F; as an interaction energy of sth single partile state [20].

(13)

(14)

Figure 10 plots F;, which originates from an incident proton, in p + °B and p + *B

reactions at 35 MeV as a function of R(t) instead of time ¢. Here R(t) is the relative

distance at the time ¢ between the centers of mass of a proton and a target nucleus.

For the reference, the single-particle interaction energies of an incident proton in the °B

and '°B target reactions are compared with those in the N and '°F target reactions in

left and right panels, respectively. As is obviously seen in Fig. 10, an incident proton

feels the most attractive potential in the '*B-target reaction among all target reactions

calculated here. The depth of the potential that an incident proton feels in the 1B nucleus

is deeper than that in the normal nucleus, '°F, due to the neutron-rich property of the 1°B
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nucleus, and, on the contrast, the potential of the '*B nucleus is very similar to that of
the normal nucleus, N and '®F. In addition, the potential of the B nucleus has a longer
tail compared with that of the '*F nucleus by reflecting the large root-mean-square radius
of the ground state of the B nucleus, as was shown in the right panel of Fig. 2 Here
the root-mean-square-radius of the ground state of the 'F nucleus is 2.83 fm. Another
factor for a proton to transfer from the target to the projectile in the AMD framework
is nucleon-nucleon collision processes. Since the *B nucleus has more neutrons than the
3B nucleus, protons in the N target collide more frequently with neutrons in the °B
induced reaction compared with in the ®B induced reaction. These two effects are more
advantageous to produce C isotopes in ?B fragmentation than in '*B fragmentation. This
neutron-rich property of the B nucleus is not only a cause of the abundance of C isotopes
in '°B fragmentation but also a cause of the contamination of the cluster breakup of the

19B nucleus with the proton transfer in low incident-energy region.

5. SUMMARY AND CONCLUSION

We have investigated incident-energy dependence of the fragmentation mechanism
reflecting the cluster structure of the 1B nucleus and the neutron-rich property of the °B
nucleus by calculating the '*B + N and B + N reactions at several incident energies
with the AMD method. Here the B nucleus has the well developed cluster structure,
while the *B nucleus has no seed of clusters in its ground state. We have found that
cluster structure of the B nucleus in its ground state is reflected as the simultaneous
breakup of the B nucleus into He and Li isotopes in its fragmentation. This cluster
breakup of the B nucleus depends on the incident energy, and the contribution of the
cluster breakup of the B nucleus to the production of Li isotopes is largest around 30
MeV/nucleon. In higher incident-energy region, the cluster structure of the °B nucleus
is not reflected in its fragmentation due to more violent collisions, and, in low incident-
energy region, the cluster breakup of the !B nucleus is contaminated by the breakup of

the B nucleus accompanied with the proton transfer reaction because of the neutron-
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rich property of the "B nucleus. The neutron-rich property of the "B nucleus is also
reflected in the abundance of the C isotope in B fragmentation compared with the '°B
fragmentation. A proton feels more attractive potential in the '*B nucleus than in the B
nucleus, and a proton in the N target transfers to the B projectile more easily than
to the ®B projectile. This proton transfer reaction occurs more easily in lower incident
energy because a proton feels an attractive potential for a long time.

This incident-energy dependence is explained in terms of the competition between
mean-field effect and nucleon-nucleon collision processes. The mean field from the target
makes the '°B nucleus break up into He and Li isotopes, while nucleon-nucleon collision
processes work to destroy constituent clusters of the B nucleus. In low incident-energy
region, the B nucleus can get enough perturbation by the mean field from the target to
break up into clusters, and these clusters survive from the destructive effect of nucleon-
nucleon collision processes. As the incident energy is increasing, the effect of the mean
field from the target is weakened because the interaction time becomes short, and the '*B
nucleus hardly break up into constituent clusters. As a result, the difference in structure
between the °B and '*B nuclei is not reflected in their fragmentation at high incident
enefgy.

From the above results, we suggest that there is the possibility that the clustering
structure of the B nucleus may be verified by a coincident experiment between He
and Li isotopes in heavy-ion reactions, and that the most suitable incident energy for
the experimental verification of the cluster structure of the B nucleus is around 30
MeV/nucleon. We also suggest that it may be more advantageous to use a target with
large mass because the cluster breakup of the B nucleus is caused by the mean field
from the target whose effect becomes larger with the mass of the target larger.

However the coincident experiment for the verification of the cluster structure of the
9B nucleus suggested here is hard to be realized in a present situation because the B
nucleus is the neutron drip-line nucleus, and the intensity of the secondary beam is too
weak to perform this kind of experiment. As is shown in Fig. 1, the cluster structure of B

isotopes develops with the neutron number increasing. Therefore we must investigate how
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sensitive the cluster breakup of B isotopes is to the development of cluster structure in B
isotopes, and search for the possibility of the coincident experiment for the verification of
the cluster structure of the neutron-rich nucleus by using the '’B beam. Furthermore not
only the cluster structure of B isotopes develops, but also the deformation of B isotopes
becomes large with the neutron number increasing. Therefore we need perform not only
the coincident experiment to verify cluster structure of neutron-rich nuclei but also the
~ spectroscopic experiment to verify deformation. These kinds of experiments give us

various interesting information for unstable nuclei.
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APPENDIX A: DEFINITION OF NUMBER OF FRAGMENTS

We define the number of fragments Ng as

A
g(k:)
Ng =
F Zz::l n,-m,-’
where
A A4 A
ni=y fi,mi=Y —fiki=>F;
=1 =1 i=1
and

fii = F(dij, €,4), fi; = F(dij, €, a), fij = F(di;, €, a),
di; = |Re(Z; — Z;)|,

1 ifd<a,

F(d,¢,a) = ,
e~ 24-9)" if d > q.

We have introduced the function

g(k) = 1+ goe=b=M?/27

(A1)

(A6)

in order to remedy the situation that nuclei around '*B are overbinding in the calculation

with the Gogny force. This function should be equal to unity in principle. The parameters

used in this paper are listed in Table 1.
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TABLE I. Parameters in the number of fragments Np which are used with the Gogny force

in this paper.

£ a £ a £ a Jo o M
2.0 0.6 2.0 0.2 1.0 0.5 0.5 0.25 13.0

APPENDIX B: NUCLEON-NUCLEON CROSS SECTIONS

We use the in-medium nucleon-nucleon cross section oxy = min{ofy, 0%y} as is
the same as in Ref. [11]. Here oy are based on the data of free cross sections and are

parameterized as

o = max{13335(E/MeV)~11?% 40}mb (B1)

pn

0! =0/ = max{4445(E/MeV)~"1%5 25}mb (B2)

prr nn

And o4y is the density dependent cross section and is given as

J {4 100mb
pr. = Trp T Unn 1 4 E/(200MeV) 4+ Cmin{(p/po) 2,1}

(B3)

where pg is the normal density and the parameter C controls the reduction of the cross
section due to the medium effect and is taken here C = 2. The angular distribution
of proton-proton and neutron-neutron collisions is assumed to be isotropic while that of

proton-neutron collisions is taken as

do,

n o qg-odn/2-l0-/2)

10 x 1 R (84)
2

a = —max{0.333In[E/(1MeV)] — 1,0} (B5)
T
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Incident-energy Dependence of the Fragmentation Mechanism Reflecting the Clustering Structure of the '°B Nucleus




