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Preequilibrium cluster emission in massive transfer reactions near the Coulomb barrier energy
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Within the framework of the dinuclear system model, the preequilibrium emission of neutron, proton,
deuteron, triton, >He, o, °Li, "Li, *Be, and °Be in the transfer reactions of '2C + 2 Bi, 4**8Ca 4238y, B8y +238,
and 28U +2*8Cm has been systematically investigated. The production rate, kinetic energy spectra, and emission
angular distribution are calculated. It is found that the preequilibrium emission mechanism is associated with the
reaction system and beam energy. The preequilibrium cross sections of proton, deuteron, triton, and alpha are
comparable in magnitude. The reaction with “°Ca is favorable for the cluster emission in comparison with ¥*Ca
on 28y at the near barrier energy. A broad angular distribution of the preequilibrium cluster is found in the
heavy systems U +2**(J and 2#U +->**Cm. The method is also possible for the weakly bound nuclei induced
reactions. Future experiments are discussed for the preequilibrium cluster measurements.
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I. INTRODUCTION

The preequilibrium cluster emission in transfer reactions is
of significance for the investigation of the correlation of spa-
tial configuration of nucleons, nuclear structure, and reaction
dynamics. The cluster structure exists in a nucleus, i.e., oLi
being composed of « and d, ®Be being the two «, three « in
12¢, surface cluster in heavy nucleus, etc. The cluster is con-
sidered to be formed by the overlap of the singe-particle wave
function. In nuclear reactions, it has been known that the pree-
quilibrium cluster formation is different with the one from the
decay of the compound nucleus formed in fusion reactions.
The cluster emission provides important information on the
single-particle or multiparticle correlation of nuclear states,
which has been widely used as powerful nuclear spectroscopic
tool [1]. On the other hand, the characteristics of the multin-
ucleon transfer reaction (MNT) and deep inelastic heavy-ion
collisions are related to the preequilibrium cluster emission,
which has been attempted to create the neutron-rich heavy
nuclei, in particular around the neutron shell closure. There
are a number of experiments for measuring the kinetic energy
spectra, double differential cross section, angular distribution,
etc. [2-7]. The deep investigation of the preequilibrium cluster
emission in transfer reactions is helpful for exploring the
cluster structure of the stable or unstable nuclide, the cluster
formation mechanism in nuclear reaction, the synthesis of
superheavy nucleus or new isotope, the MNT mechanism,
etc. [8-12].

The cluster structure in a nucleus is usually studied by
the direct reactions, e.g., the pick-up or knock-out reaction,
the breakup reaction, etc. The preequilibrium cluster in the
massive transfer reaction is also a direct process, in which the
cluster is created before the formation of compound nucleus.
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Both the cluster structure and reaction dynamics influence
the preequilibrium cluster production. There are many nu-
clear models for describing the cluster structure and nucleon
condensation in a nucleus, in which the cluster preforma-
tion probability in the spatial coordinate can be estimated
[13-15]. However, the cluster emission in nuclear reaction
is very complicated, which is dependent on the space-time
evolution, beam energy, cluster structure, etc. A few of re-
action models or phenomenological formula are proposed for
the preequilibrium particle emission, e.g., the exciton model
[16-18], Langevin equations [19], and quantum molecular
dynamics model [20]. A sophisticated model is still needed
for precisely describing the preequilibrium cluster emission.
Both the cluster configuration of collision system and reaction
dynamics influence the cluster production, i.e., the kinetic
energy spectra and angular distribution.

In this work, the preequilibrium cluster emission in the
transfer reactions is to be systematically investigated within
the framework of dinuclear system (DNS) model. The article
is organized as follows. In Sec. II, we give a brief description
of the DNS model for describing the preequilibrium cluster
production. In Sec. III, the production cross sections, kinetic
energy spectra, and angular distribution of the preequilibrium
cluster are analyzed and discussed. Summary and perspective
on the cluster emission in the transfer reactions are shown in
Sec. IV.

II. BRIEF DESCRIPTION OF THE MODEL

The DNS concept assumes that the colliding system is
formed at the touching configuration in nuclear collisions and
proposed by Volkov at Dubna for describing the deep inelastic
heavy-ion collisions [21]. The typical sticking time is several
zeptoseconds. The nucleon exchange and energy dissipation
take place once the DNS is formed. The nucleon transfer be-
tween the binary fragments is governed by the single-particle
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Hamiltonian. The DNS model has been used for describing
the massive fusion-evaporation mechanism and multinucleon
transfer reactions [22-24]. In this work, the preequilibrium
cluster production is to be investigated with the model. The
cross sections of the preequilibrium clusters (v = n, p, d, t,
3He, «, *7Li, and 8'9Be) are estimated as follows:

Jmax  Zmax  Nmax

ov(Ex, 0,1) = Z Z Z Gcap(Ec.m.’J)/f(B)

J=0 Z,=Z, N\=N,
XP(le Nla El(Ec.m.v J)» t, B)
XPV(ZU7N|MEk)dB' (1)

Here, E; is the excitation energy for the fragment with
(Zy, Ny), respectively, which is associated with the center-
of-mass energy E.; and incident angular momentum J.
The maximal angular momentum Jp,x is taken to be the
grazing collision of two colliding nuclei. The preequilib-
rium cluster might be emitted from all DNS fragments
(Zy, Ny) ranging from the light one (Z,, N,) to compos-
ite system (Zmax, Vmax) (Zmax and Npax being the total
proton and neutron numbers, respectively). The kinetic en-
ergy of cluster is sampled by the Monte Carlo approach
within the excitation energy E;. The capture cross sec-
tion is given by op = nh2(2J + DT (Ecm.,J)/QUE: )
with T (Ecp, J) = ff(B)T(EC_m,, J, B)dB. The transmission
probability T (E.n.,J, B) is calculated by the well-known
Hill-Wheeler formula for the light and medium systems.
For the heavy systems, for example, B8y +28, the clas-
sical trajectory approach with a barrier distribution by
T(Ecm,J,B)=0and 1forE.,, <B+J(J + l)hz/(2,uR%)
and E.,, > B+ J(J + 1)i*/(2uR%), respectively. The u and
Rc denote the reduced mass and Coulomb radius by p =
myApA; (A, + A;) with m,, Ap, and A; being the nucleon
mass and numbers of projectile and target nuclides, respec-
tively. The distribution function is taken as the Gaussian
form f(B) = livexp[—((B — B,,)/A)?], with the normaliza-
tion constant satisfying the unity relation | f(B)dB = 1. The
quantities B,, and A are evaluated by B,, = (B¢ + Bs)/2
and A = (B¢ — By)/2, respectively. The B¢ and By are the
Coulomb barrier at waist-to-waist orientation and the mini-
mum barrier by varying the quadrupole deformation of the
colliding partners.

The nucleon transfer is described by solving a set of micro-
scopically derived master equations by distinguishing protons
and neutrons [22,23]. The time evolution of the distribution
probability P(Z;, Ny, E, t) for the DNS fragment 1 with pro-
ton number Z; and neutron number N; and excitation energy
E, is governed by the master equations as follows:

dP(Z;, N1, Ey, 1)

dt
=D Wanzn OdznPZ N1 EfL 1)
Z
- dZ]’,Nlp(ZlaNla E], t)] + ZWZHNHZI,NI/(Z‘)

N

x [dz, n,P(Z1, N}, E{, 1) — dg, x;P(Z1, N1, Ey, 1)]. (2)

Here the Wz n,.zz vy (Wz Nz, v) 1s the mean transition
probability from the channel (Z;, Ny, Ey) to (Z], Ny, E}) [or
(Zi, N\, E)) to (Zi,N{,E])], and dy, n, denotes the micro-
scopic dimension corresponding to the macroscopic state
(Z1, N1, Ey). The cascade nucleon transfer is considered in the
process with the relation of Z =Z; =1 and N = N; £ 1.
It is noticed that the quasifission of DNS and the fission
of heavy fragments are neglected in the dissipation process.
Different with the fusion-evaporation reactions [23], the in-
teraction time of the preequilibrium process is at the level of
several zeptoseconds. The contribution of quasifission frag-
ments to the preequilibrium cluster formation is very similar
to the DNS fragments. The fission process of heavy frag-
ment undergoes the longer temporal evolution in comparison
with the preequilibrium dynamics. The interaction time Ty
is obtained from the deflection function method [25], which
depends on the relative angular momentum and colliding sys-
tem. On the other hand, the interaction potential is flat at
the touching distance and no potential pocket exists in the
heavy systems. So the quasifission barrier does not appear.
We assume the quasifission and fission do not take place
before the dissipation equilibrium. The initial probabilities of
projectile and target nuclei are set to be P(Zpo5, Nproj, E1 =
0,t =0)=0.5 and P(Zrg, Niarg, E1 =0, = 0) = 0.5. The
unitary condition is satisfied during the nucleon transfer pro-
cess ZZI,NI P(Z\,N,, E;,t) = 1. The motion of nucleons in
the interacting potential is governed by the single-particle
Hamiltonian [22]. The excited DNS opens a valence space in
which the valence nucleons have a symmetrical distribution
around the Fermi surface. Only the particles at the states
within the valence space are actively at excitation and transfer.
The averages on these quantities are performed in the valence
space as follows:

de%
Agg = K,
8k

. _ Ak
Ex =¢ i gx = Ax /12, 3)

where the ¢* is the local excitation energy of the DNS. The
microscopic dimension for the fragment (Zg, Nk) is evaluated
by the valence states Ny = gx Aeg and the valence nucleons
mg =Ng/2 (K =1,2)as

N N,
d(ml,mz)Z <m11>(mz> (4)

The transition probability is related to the local excitation
energy and nucleon transfer, which are microscopically de-
rived from the interaction potential in valence space as
W Tmem(ZlaleEl;Z{le»Ef)

Z1NGZ N, = 3

B dz, nvdzy Nl

x Y Z, Ny, L EVIZy, Ny B D (5)

The memory time is calculated by

27 I

172
Toem(Z1, N1 EGZLNLE) = | &=———— | . (6)
e ! ! ZKK’ (Vkk VKK’>
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1
(VkxVig) = 1 Ugy 8k 8k Ak Aex Aek

| —1/2
x [A%(K, + 2 ((Aex) + (Ae;az)} NG
The interaction matrix element is given by

> WVil® =lwn(Z1, Ni, Er, EY)
i
+ wn(Zi, N, Er, ED18z, N, Ey:2, N, E]
+ w12(Z1, N1, Ev, E))87 N, B2y~ 1N, E]
+ w21 (Z1, N1, Er, EDSz Ny Evziving] (8)
with the relation of
wgk (Z1, Ny, Ev, EY) = dz, v, (Vkk' Vi) )]

A similar process for neutron transfer takes place.

In the relaxation process of the relative motion, the DNS
will be excited by the dissipation of the relative kinetic energy.
The local excitation energy is determined by the dissipation
energy from the relative motion and the potential energy sur-
face of the DNS as

£*(t) = Eqiss(1) — [U({or}) — U ({aen D] (10)

The entrance channel quantities {ogn} include the proton and
neutron numbers, angular momentum, quadrupole deforma-
tion parameters, and orientation angles Zp, Np, Zr, Nr, J,
R, Bp, Br, 6p, and 67 for the projectile-target system. The
excitation energy E, for fragment (Z, N;) is evaluated by
E; = &*(t = tin)A1 /A. The energy dissipated into the DNS is
expressed as

JOYWI @) + DA

Egiss (t) =Ecm —B— 2§r61

- (Erad(-la l)>
(11)

Here the E..,, and B are the center-of-mass energy and
Coulomb barrier, respectively. The radial energy is evaluated
from

(Eraa(J, 1)) = Eraa(J, 0) exp(—1/7;.). 12)

The relaxation time of the radial motion 7, = 5 x 10722 s and
the radial energy at the initial state E;q(J,0) = Ec;y. — B —
Ji(J; + 1)Fz2/ (2¢re1)- The dissipation of the relative angular
momentum is described by

(J@) = Ja + (i — S exp(—t/1)). 13)

The angular momentum at the sticking limit Jy = J;&rel/ Gtot
and the relaxation time 7; = 15 x 1072% 5. The ¢y and i
are the relative and total moments of inertia of the DNS,
respectively. The initial angular momentum is set to be J; = J
in Eq. (1). The relaxation time of radial kinetic energy and
angular momentum dissipation is associated with the fric-
tion coefficients in the binary collisions. The values in this
work are taken from the empirical analysis in deeply inelastic
heavy-ion collisions [25,26].

The potential energy surface (PES) dominates the nuclear
transfer and is given by

U(fa)) = B(Zi, Ni) + B(Z, No) — [B(Z,N) + ViR ()]
+V({ad. (14)

Here Z and N are the proton and neutron number
of the composite system with Z, +2Z, =Z and N, +
N, =N [24]. The symbol {«a} denotes the quantities
Zl, Nl, Zz, NQ;J, R; ﬂl, ,32, 91, 92. The B(Zi, 1\7,)(1 = 1, 2) and
B(Z,N) are the negative binding energies of the fragment
(Z;, N;) and the compound nucleus (Z, N), respectively. The
V& is the rotation energy of the compound system. The f;
represent the quadrupole deformations of the two fragments
at ground state. The 6; denote the angles between the collision
orientations and the symmetry axes of deformed nuclei. The
interaction potential between fragment (Z;, N;) and (Z,, N;)
includes the nuclear, Coulomb, and centrifugal parts. In the
calculation, the distance R between the centers of the two
fragments is chosen to be the value at the touching configu-
ration, in which the DNS is assumed to be formed. The tip-tip
orientation is chosen in the calculation, which manifests the
elongation shape along the collision direction and is favor-
able for the nucleon transfer to produce the MNT fragments.
Shown in Fig. 1 are the PES of DNS fragments and driving
potential in the reaction of 233U +238U. The solid line denotes
the driving potential, which means the valley path in the PES.
The preequilibrium cluster may be emitted from the DNS
fragments, e.g., & from the DNS fragments '*Os and ?’*Hs,
respectively.

The emission probability of preequilibrium cluster
P,(Z,, N,, E;) in the nucleon transfer is calculated by the
uncertainty principle within the time step ¢ ~ ¢ + At and the
kinetic energy E; via

P,(Z,,N,, Ey) = AtT', /. (15)

Here the time step in the DNS evolution is set to be At =
0.5x 1072 s.

The particle decay widths are evaluated with the Weisskopf
evaporation theory as [27,28]

Tu(E", J) = (25, + 1)+ /E ~By~Ex
21 p(E*, J) Jo

X E,O(E* — B, — Erot — &, J)Uinv(g)dg- (16)

Here, s,, m,, and B, are the spin, mass, and binding energy
of the evaporating particle, respectively. The inverse cross
section is given by oiy = wR2T (v) with the radius of R, =
1.21[(A — A,)"/? + A!/3]. The penetration probability is set
to be unity for neutrons and 7' (v) = [1 4+ exp(2r [V (v) —
el/hw)]~! for charged particles with iw = 5 and 8 MeV for
hydrogen isotopes and other charged particles, respectively. It
should be mentioned that the local equilibrium of the DNS is
assumed to be formed and the excitation energy E* = & for
the i-th fragment is associated with the local excitation energy
with the mass table [29]. Shown in Fig. 2 is a comparison of
the partial decay widths of neutron, proton, deuteron, triton,
3He, «, ®7Li, and 3°Be from the decay of 221 Ac, which might
be produced in the reaction of '2C +2%Bi and was performed
for the preequilibrium emission of « and ®Be at Heavy-Ion
Research Facility in Lanzhou (HIRFL) [2]. It can be classified
three kinds of particle emission according to the magnitude,
namely, neutron with the most probable emission, hydrogen
isotopes, and «, other charged particles. In the nuclear col-
lisions, the preequilibrium clusters might be emitted from
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FIG. 1. (a) Potential energy surface as functions of proton and neutron numbers and (b) driving potential in the reaction of 233U +23%(.

all possible DNS fragments within the dissipation of relative
motion energy and angular momentum.

The level density is calculated from the Fermi-gas model
[30] as

. 20 +1
p(E*,J) =
24/263a\ 4 (E* — §)5/4
J+1/2)
wexp | 2/aE =8 - L2 44
202

with 02 = 6m*/a(E* — §)/m* and i ~ 0.24A/3. The pair-
ing correction energy 8 is set to be 12/+/A, 0, —12/+/A for
even-even, even-odd, and odd-odd nuclei, respectively. The
level density parameter is related to the shell correction en-

1005 T T T T T T T

F (a) 221
10" | Ac

107 ¢
10°

10*

I, (MeV)

10°F
10°F
107 £

10°k

-9 i 1 1
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ergy Eqn(Z, N) and the excitation energy E* of the nucleus
as

a(E*,Z,N) = a(A)[1 + En(Z, N)f(E* — A)/(E* — A)].
(18)
Here, @(A) = aA + BA?/3b; is the asymptotic Fermi-gas value

of the level density parameter at high excitation energy. The
shell damping factor is given by
f(E*)=1—exp(—yE") 19)

with y = a/ (eA*3). The parameters «, 8, by, and € are taken
to be 0.114, 0.098, 1, and 0.4, respectively [24].
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FIG. 2. Excitation energy and angular momentum dependence of partial decay widths of neutron, proton, deuteron, triton, *He, o, °Li, "Li,
¥Be, and °Be for the decay of 22! Ac which is formed in the reaction of '2C +>*Bi.
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FIG. 3. The Coulomb and nuclear deflection angles as a function of angular momentum in the reaction of **Ca 423U at the center of mass

energies of 200 and 220 MeV, respectively.

Once the emission probability of preequilibrium particle is
determined, the kinetic energy is sampled by the Monte Carlo
method within the energy range €, € (0, E* — B, — E\). The
Watt spectrum is used for the neutron emission [31] and
expressed as

dN, 12 .
5 exp (—E—) (20)

de, " T£/2 T,

with the width 7,, = 1.7 £ 0.1 MeV and normalization con-
stant C,.. For the charged particles, the Boltzmann distribution

is taken into account as
m O\ /2 e
exp| —= ).
2nT, T,

dNU =8 Ek <
de,

The temperature of mother nucleus is given by T, = /E*/a

with the a being the level density parameter.

The polar angles of preequilibrium clusters emitted from
the DNS fragments are calculated by the deflection function
method, which is composed of the Coulomb and nuclear de-
flection as [25,32]

2y

O = Oc(Ji) + On (). (22)

The Coulomb deflection is given by the Rutherford function
as

Z,7:e*
O(J;)c = 2 arctan 5

(23)

c.m.

with the incident energy E. . and impact parameter b. The
nuclear deflection is calculated by
8 J/'/Jgr
()

Here @%r(Ji) is the Coulomb scattering angle at the graz-
ing angular momentum Jy and Jy = 0.22Ri[Area(Ecm. —
V (Rine)]'/?. The J; is the incident angular momentum. The
Areq and V (Rjp) are the reduced mass of projectile and target
nuclei and interaction potential with R;,; being the Coulomb
radius, respectively. The parameters § and B are parameterized
by fitting the deep inelastic scattering in massive collisions as

B= T5f(m)+ 15, n <375,

J,

OWy = —ﬂ@?(m]—" (24)
gr

36exp(—2.17 x 1073n), n > 375, (25)
and
8= 0.07f(n)+0.11, n < 375,
0.117exp(—1.34 x 107*y), n =375, (26)
with
fan) = [1+exp”_32235] 1. 27)

2 .
The Sommerfeld parameter n = Z‘% and the relative ve-

locity v = /32~ (Een.—V (Rw). For the i-th DNS fragment, the
emission angle is determined by ®;(J;) = ©(J;)&;/(& + &)
with the moment of inertia &; for the i-th fragment. Shown in
Fig. 3 is a comparison of Coulomb deflection angle ®¢ and
nuclear deflection angle ®y in the reaction of *8Ca 4+2%U.
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FIG. 4. Temporal evolution of the preequilibrium cluster emission in the reactions of **Ca +233U, 28y +23U, and 28U +2**Cm.

The Coulomb deflection is calculated by the well-known
Rutherford scattering. The nuclear deflection is contributed
from the attractive nuclear potential and the negative an-
gle increases with the incident energy. Both the Coulomb
and nuclear deflections influence the scattering angle in the
projectile-target collisions. A schematic plot of the scattering
process is also shown in the figure.

III. RESULTS AND DISCUSSION

The preequilibrium clusters in the transfer reactions are
associated with the nuclear structure of collision partners,
i.e., the preformation factor, stiffness of nuclear surface, bind-
ing energy, coupling strength of valence nucleons and core
in weakly bound nuclide, etc., and also related to the re-
action dynamics, i.e., the dissipation of relative motion and
coupling to the internal degrees of freedom of reaction sys-
tem. The preequilibrium cluster emission mechanism is also
helpful for understanding the reaction dynamics of mult-
inucleon transfer (MNT) process, e.g., the fragment cross
section, total kinetic energy configuration, angular distribu-
tion, etc. Shown in Fig. 4 is the temporal evolution of the
preequilibrium clusters produced in collisions of **Ca +233U,
28y 428y, and 2PU+28Cm at the beam energies of 8,
7, and 7.5 MeV /nucleon, respectively. The configuration of
emission rate is related with the reaction system and incident
energy. The reaction of “*Ca +23%( leads to the formation of
compound nucleus (copernicium) and undergoes the several
hundreds of 10722 s evolution. The local excitation energy of
DNS increases with the reaction time and clusters might be
continuously emitted during the fusion process. The probabil-
ity is small and below 0.1%. The heavy systems 233U +23%U
and 2**U 4+-2*8Cm have the short interaction time and the clus-

ter emission rate manifests the maximal value at the time step
of 20-40x 10722 s. The neutron production in the reactions is
dominant and the emission of hydrogen isotopes is compara-
ble with alpha in magnitude. The maximal emission rates of
the preequilibrium clusters in the reactions of *Ca +23%( and
28y 4238y are similar but have different sustainable times.
The preequilibrium emission is favorable with increasing in-
cident energy.

It is well known that the emission of the MNT fragments
is anisotropic and related to the reaction system and beam
energy. The angular distribution of preequilibrium clusters is
helpful for investigating the anisotropy of primary fragments
in the MNT reactions. The sticking interaction time, moment
of inertia, angular momentum, Coulomb and nuclear deflec-
tion of entrance system, etc., influence the emission angles of
clusters corresponding to the collision orientation. We com-
pared the angular distributions of the preequilibrium clusters
produced in collisions of ¥y +233U and 2%U +%*3Cm at the
beam energy of 7 MeV /nucleon as shown in Fig. 5. There ex-
ists a window with 60—110° for the preequilibrium emission.
The shape is very similar to the MNT fragments. The angular
zone is nicely consistent with the preequilibrium o and *Be
in experiments for the reaction of '2C4+2%Bi at the beam
energy of 73 MeV [2]. Accurate estimation of emission angle
is helpful for managing the detector system in experiments. In
this work, we treat the preequilibrium clusters emitted from
the primary fragments in the MNT reactions. Neutron, proton,
deuteron, triton, and alpha might be created with the same
primordial nuclide.

The kinetic energy or momentum distributions of the pree-
quilibrium clusters in transfer reactions manifest the internal
structure of cluster inside the nucleus and are also associ-
ated with the reaction dynamics. The excitation of binary
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FIG. 5. Comparison of the angular distributions of the preequilibrium clusters produced in collisions of 2*U +2¥U and 28U +***Cm at

the beam energy of 7 MeV /nucleon.

nuclides, transition probability in nucleon transfer, binding
energy, and separation energy of cluster influence the energy
spectra. Shown in Fig. 6 is a comparison of the preequilib-
rium neutron, proton, deuteron, triton, and alpha produced
in collisions of 28U 423U and 23U 4+->*%Cm at the incident
energy of 7 MeV /nucleon. The clusters are emitted from the
projectile-like or target-like fragments in the transfer reactions
and manifest the Boltzmann distribution. The PES influences
the local excitation energy of DNS and consequently con-
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tributes the emission probability of preequilibrium clusters.
It is obvious that the neutron emission is dominant and other
particles are comparable in magnitude. The distribution struc-
ture is very similar to the kinetic energy spectra in high-energy
proton induced spallation reactions [20]. The incident energy
dependence of the preequilibrium clusters is shown in Fig. 7
for the angular distributions and kinetic energy spectra in the
reaction of 23¥U 4+2*8Cm. The preequilibrium clusters at the
energy of 7.5 MeV /nucleon are enhanced over the one-order
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FIG. 6. Kinetic energy spectra of the preequilibrium clusters produced in collisions of 22U +2U and *U 4+-***Cm.
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FIG. 7. (a) The angular distributions and (b) kinetic energy spectra of preequilibrium n, p, d, t, and « in the reaction of 23U +2*Cm at

the beam energies of 7 and 7.5 MeV /nucleon, respectively.

magnitude and tend to the forward emission in comparison
with the cases at 7.0 MeV /nucleon. We neglect the formation
probability of cluster inside the DNS system and take the
unit for all species of clusters. It has been known that the
preformation of a cluster in single nucleus is described by the
wave function method.

The cluster emission is associated with the nuclear struc-
ture and reaction dynamics. It provides information on the
single particle and multinucleon correlation of nuclear states
and might be used for exploring the nuclear spectroscopics.

The emission mechanism is different with the reaction system
and beam energy. Shown in Fig. 8 is a comparison of the pree-
quilibrium cluster production in the reactions of *°Ca +23%U
and *8Ca +238U at the center of mass energy 220 MeV. It
is pronounced that the system “’Ca +23U is favorable for
the cluster production and has the broad energy and angular
distributions. The total cross sections of preequilibrium neu-
tron, proton, deuteron, triton, 3He, «, "Li, and ®Be produced
in the transfer reactions of 2C +2YBi, 40*8Ca +23(, and
28y 4+23817/2*8Cm are listed in Table I. Three species can be
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FIG. 8. Comparison of the production rate, kinetic energy spectra, and angular distributions of preequilibrium clusters in the reactions of

40Ca +238y and ¥Ca 4238 at the center of mass energy 220 MeV.
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TABLE I. Production cross sections of neutron, proton, deuteron, triton, 3He, «, "Li, and ®Be in the preequilibrium process of massive

transfer reactions.

System Ecm (MeV) 0, (mb) o, (mb) a4 (mb) o, (mb) o3y, (mb) oy (mb) o7, (mb) oy (M)
2Cc+*Bi 69 2.63 0.26x107  0.12x107*  041x10™* 0.62x107""  0.22x107*  0.19x107'2 0.42x107"
“Ca+8y 220 2465  0.15x107"  0.17x1072  0.18x107%  0.62x10"*  0.20x1072 0.16x107'° 0.53x107"
“Ca+28y 180 0.11x107" 0.84x107'2 021x107" 024x10"%  <107'¢  0.77x107®  <107'° <1071
“Ca+2¥U 200 1.63 0.42x107°  0.18x107° 0.66x10™¢  <107'¢  0.54x10°  <107'6 <107'
“Ca+8y 220 2316 0.40x107°  044x10™*  0.12x107° 0.23x107""  0.60x107* 0.74x10"'* 0.53x107"3
“Ca+28y 240 96.11  0.61x1072  0.11x1072  0.28x107> 0.61x1077 0.94x107% 0.48x107"" 0.34x107"
Bu+-sy 833 2059 0.61x107°  0.17x107°  0.55x107%  0.49x107'° 0.11x107*  0.15x107"" 0.11x107"2
28U+ Cm 850 1153 0.23x107°  046x10™*  0.14x107°  0.63x107""  0.31x10™* 0.20x10""? 0.16x107"
BU+*Cm 911 5627  0.71x1072  024x1072  0.60x107> 0.41x107* 0.77x107%  0.10x107° 0.56x107"!

classified according to the cross sections, the most probable
emission for neutron, the medium for hydrogen isotopes and
o with the 4-5 orders lower than the neutron emission, and
the lowest probability for *He, ’Li, and ®Be production. The
method is also possible for the weakly bound nuclei induced
reactions with the inclusion of breakup probability.

IV. CONCLUSIONS

In summary, the emission mechanism of preequilib-
rium clusters in collisions of 2C +2%Bi, 40*8Ca + 233y,
28y 428y, and 28U 4+-2*Cm near Coulomb barrier energies
has been systematically investigated within the DNS model.
The preequilibrium clusters are considered to be emitted from
the decay of the primordial DNS fragments in the nucleon
transfer process. The production rate is associated with the
reaction system and beam energy. The preequilibrium emis-
sion takes place until the formation of compound nucleus. The
kinetic spectra manifest the Boltzmann shape. The angular
distribution is similar to the transfer fragments, i.e., in the

range 70-110° for the reactions of 2**U 4+2¥U/**®Cm and
forward emission 35-60° for the light systems of ***8Ca +
2381. The production cross sections of preequilibrium clusters
strongly depend on the separation energy and Coulomb barrier
from the primordial nuclides. The neutrons are emitted and
also take away the local excitation energy of the DNS system.
The emission rate of alpha and hydrogen isotopes is compara-
ble in the magnitude. The production of heavier clusters, such
as lithium, beryllium isotopes, etc., are associated with the
reaction system. The method is also possible for describing
the weakly bound nuclei induced reactions after including the
nuclear structure effects, e.g., the preformation probability of
cluster, coupling of valence nucleons, or cluster to the core
nucleus, etc.
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