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Emission of charged particles from excited compound nuclei
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The process of complex fragment emission is studied within the dinuclear system model. Cross sections of
complex fragment emission are calculated and compared with experimental data for the reactions *He + "'Ag,
788Ky + 12C,and%Cu + '2C. The mass distributions of the products of these reactions, isotopic distributions for
the *He + "‘Ag and "®Kr + 'C reactions, and average total kinetic energies of the products of the *Kr + '>C

reaction are predicted.

DOI: 10.1103/PhysRevC.82.044603

I. INTRODUCTION

Emission of complex or intermediate mass fragments
(Z > 2) in low- and intermediate-energy nuclear reactions has
been the subject of both experimental and theoretical interest
for many years [1-4]. Early studies of this process [5-8]
revealed that two components contributed to multiplicity: a
fast, nonequilibrium component, producing light fragments
at forward angles, and a relaxed component, producing
fragments at all angles. Systematic studies of the relaxed
component at low bombarding energies demonstrated the
compound nucleus (CN) nature of the emission process [9,10].
The excitation functions for the equilibrium emission of
complex fragments are reminiscent of fission excitation func-
tions [11]. The dependence of the emission barriers on the
mass asymmetry determines the charge and mass distributions
of the emitted fragments [12]. Modulation of the potential
energy along the mass-asymmetry coordinate is responsible for
the strong variation of the cross sections with mass asymmetry.
For a heavy CN, the mass distribution of decay products shows
a peak at symmetry (fission peak) and two wings at extreme
asymmetries (evaporation wings). For a light CN, the peak
at symmetry disappears, to be replaced by a minimum in a
U -shaped mass distribution [2].

There are different models for describing complex fragment
emission. In the thermodynamical approach [13,14] the com-
plex fragment emission width is obtained with the modified
Weisskopf formula. This model disregards the distribution of
excited energy between the emitted complex fragment and
partner nucleus as well as the influence of the angular momen-
tum on the emission. The latter simplification is justified only
for complex nuclei (CNs) produced in reactions with p, d,
and « particles. As will be seen, in CNs produced in heavy-ion
reactions the angular momentum strongly influences the decay
probabilities of complex fragments. The code GEMINI [15]
treats the sequential statistical evaporation and binary decay
of a hot CN and makes a sharp distinction between the
decay widths for emission of light particles and the widths
for emission of complex fragments. The widths for emission
of light particles are calculated using the Hauser-Feshbach
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approach with sharp cutoff transmission coefficients. The com-
plex fragment emission width is treated within the generalized
transition-state concept proposed in Ref. [12]. The rotating
finite-range model [16] or the rotating liquid-drop model is
used to calculate the conditional barriers for binary division.
As found, the mass asymmetric fission barriers extracted from
the experimental excitation functions lie between the values
calculated with these two models [17,18].

In the present paper, we consider complex fragment
emission within the dinuclear system (DNS) model [19-22].
Cluster emission is treated under the assumption that light
clusters are produced by collective motion of the nuclear
system in the charge asymmetry coordinate, with further
thermal escape over the Coulomb barrier. Emission barriers
for complex fragments are calculated within the DNS model
by using the double-folding procedure (with the Skyrme-type
density-dependent effective nucleon-nucleon interaction) for
the nuclear part of the nucleus-nucleus interaction potential.
Both evaporation and binary decay are treated in the same way.
The important role of the angular momentum of the CN in the
binary decay process is demonstrated. Correct definition of
the emission barriers and of their dependence on the angular
momentum allows us to calculate the charge, mass, and kinetic
energy distributions of the emitted complex fragments. For
excitations treated, the temperature effect on emission barriers
is not taken into consideration for the reactions of interest.
The main ingredient in our description is the sophisticated
potential energy as a function of the angular momentum. The
model is described in Sec. II. Results of our calculations for
the reactions >He + natAg 78.86Kr + 12C, and %3Cu + 2C
are presented in Sec. III. The conclusions are given in Sec. I'V.

II. FORMATION AND DECAY OF THE COMPOUND
NUCLEUS (CN) AND DINUCLEAR SYSTEM (DNS)

A. Model

The emission process of complex fragments from an
excited nuclear system involves the motions in charge and
mass asymmetry coordinates, which are defined here by the
charge and mass (neutron) numbers Z = Z; and A = A
(N =N, =A—Z) of a light nucleus of the DNS [19-22]
formed by two touching nuclei and the motion in the relative
distance R between the centers of mass of the nuclei. In
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the decoupled approximation, binary decay consists of two
steps: (i) clustering or the formation of an asymmetric DNS
in the excited state with some probability and (ii) the decay
of this DNS by the thermal overcoming the barrier in the
nucleus-nucleus potential. The probability of cluster formation
is calculated statistically using the stationary solution of
the master equation with respect to the charge and mass
asymmetries and depends on the potential energy of the
DNS configurations at touching distance and thermodynamical
temperature of the system. The probability of DNS decay
in the R coordinate is calculated using the transition-state
method. This decay process depends on the thermodynamical
temperature of the DNS and the difference in the potential
energies of the DNS configurations at the touching distance
versus the barrier position.

The cross section of the charge-particle emission is calcu-
lated as follows:

Jmax

UZ,A(Ec.m.) = ZUZ,A(Ec.m.a J)

J=0

Jmax
=Y Oep(Ecm. DWzA(Een. 1), (1)

J=0
where 0cap(Ecm., J) is the partial capture cross section and
Wz a(E¢y. J) is the emission probability of a given particle.
The maximum value of angular momentum J = Jx 1S set
as the minimum from the values of kinematical and critical
angular momenta (see Sec. II C). Here we consider the decay
of an excited CN as a sequential light-particle evaporation,
which includes neutrons, protons, deuterons, tritons, and a

cluster (Z > 2) emission.

CN formation and its consequent decay are not necessarily
the ultimate results of the evolution of the initial DNS. In
addition to contributions from a CN decay, the binary decay
component is related to the quasifission (or multinucleon trans-
fer) mechanism. In our model the fragments are produced as
binary decay products of the DNS formed during the diffusion
process along the mass (charge) asymmetry coordinate with
and without stages of CN formation. The dominant reaction
mechanism (complete fusion or quasifission) depends on the
entrance channel and on the value of the angular momentum
deposited into the system. For the reactions considered, the CN
configuration seems to be energetically more favorable than
any DNS configuration even at J = Jy,,c. Because of this fact,
the quasifission component is small in comparison with the
complete fusion component. In our model both components
are taken into consideration.

B. DNS potential energy and nucleus-nucleus
interaction potential

Assuming a small overlap of nuclei in the DNS, the
potential energy (driving potential) of the DNS is calculated
as follows [21,22]:

UR,Z, A, J)=B +B,+V(R, Z, A, By, p2,J)
—[Bia + EZ(D)], 2)

where B; and B, are the mass excesses of fragments in
their ground states, and B; and B, are their quadrupole
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deformation parameters, which are taken from Ref. [23], for
even-even nuclei. For the quadruple deformation parameter
of an odd nucleus, we choose the maximal value from the
deformation parameters of neighboring even-even nuclei.
Experimental values of B; and B, are used, if available
in Ref. [24]. Otherwise, we use values from Ref. [25].
The potential energy is normalized to the potential energy
B, + E{%‘(]) of the rotating CN. Here, Bj, is the mass
excess of the CN and the rotational energy E}3 of the CN
is defined as E}5'(J) = W2 J(J + 1)/23¢cn, where Scy is the
rigid-body moment of inertia of the CN. The nucleus-nucleus
potential,

V(R,Z, A, i, B2, J)=Vc(R, Z, A, B, p2)
+Vn(R, Z, A, B1, B2)
REJ(J + 1)
23(R, A, Bi, B)’
in Eq. (2) is the sum of the Coulomb potential V, the nuclear
potential Vi, and the centrifugal potential (last summand). The

moment of inertia I of the DNS formed is calculated in the
sticking limit as

3)

(R, A, Bi, B2) = ko(31 + 32 + LR, )

where the moments of inertia J; (i = 1, 2) of the DNS nuclei
are obtained in the rigid-body approximation:

TS,‘ = éIn()Al‘ (alz + blz),

‘ ,31'2 5 ,
4 = Ro (1 N H) (1 + 4 '31) ’ ®)
,3:'2 [ 5

As known from the experimental study, the moments of inertia
of strongly deformed nuclear states are very close to 85% of
those in the rigid-body limit [26]. We also set kp = 0.85 in our
calculations. When the nucleus-nucleus potential is calculated
in the entrance channel (the capture stage), in Eq. (3) the value
of J(R, A, B, By) is replaced by I = /,LRZ.

For the nuclear part of the nucleus-nucleus potential, we
use the double-folding formalism [21]

Vy = / p1r1)p2(R —12) F(r1 — r2) dridrs, (6)

where F(ry — rz) = Co[ Fin 25 + Fo(1 — 250)]5(ry — 1)
is the Skyrme-type density-dependent effective nucleon-
nucleon interaction, which is known from the theory of
finite Fermi systems [27], and po(r) = p1(r) + ;2(R — 1),
Fin,ex = fin,ex + fi;,ex%' Here, pl(rl) and ,02(1'2)
are the nucleon densities of the light and heavy nuclei of
the DNS, respectively, and N, (Z,) is the neutron (charge)
number of the heavy nucleus of the DNS. Our calculations
are performed with the following set of parameters: Cy =
300 MeV fm?, fi, = 0.09, fo = —2.59, fi, =042, f., =
0.54, and poy = 0.17 fm~3 [27]. The densities of the nuclei are
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FIG. 1. (Right) Dependencies of the nucleus-nucleus potential V on R (lower), in the entrance (dotted lines) and the exit (solid lines)
channels, and of the potential energies U(R,,, Z, A, J) of the DNS at R = R,, on the charge number Z of one of the DNS nuclei (upper) for the
86Kr 4 '2C reaction. The value of A relates to Z to supply the minimum of U. Results calculated for the angular momenta J = 0, 30, 45 are
presented. The value of U is normalized to the energy of the rotating compound nucleus. (Left) The same as the right side, but for the *Kr + '2C

reaction.

taken in the two-parameter symmetrized Woods-Saxon form
with the nuclear radius parameter ro = 1.02—1.16 fm and the
diffuseness parameter a = 0.51-0.56 fm, depending on the
charge and mass numbers of the nucleus [21].

With the density-dependent effective nucleon-nucleon in-
teraction a repulsive core appears in V (see the lower plots
in Fig. 1), which prevents the motion to smaller distances,
R < Ri[1 +/5/(4m)B1] + R2[1 + /5/(4m)pB:], and reflects
the action of the Pauli principle. Owing to the sum of
the repulsive Coulomb and centrifugal summands with the
attractive nuclear one in Eq. (3), the nucleus-nucleus potential
has a pocket with a minimum situated for pole-pole orientation
at the touching distance between the nuclei R = R, =~

Ri[1 4 /5/@m)B1] + Ra[1 + /5/(4m)B2] + 0.5 fm, where
R; = roAl.l/ 3 are the radii of interacting nuclei. The DNS
is localized in the minimum of this pocket (Fig. 1). At
J = 0, the position of the Coulomb barrier in V corresponds
to R=R, ~ R, +2 fm in the DNS under consideration.
Then the depth of the potential pocket is B?ef(Z LAV J) =

V(Ry, Z, A, B1, B2, J) — V(Ru, Z, A, B1, B2, J). The barrier
B?ef, called the quasifission barrier, prevents the DNS decay

in R. The depth B?f of the potential pocket decreases with
increasing J because of the growth of the repulsive centrifugal
part in Eq. (3). In the entrance channel the potential pocket
disappears at some critical value J = J,, (see dashed lines in
Fig. 1). So capture of the projectile by the target is impossible
at angular momenta larger than J,,. The depth of the potential
pocket depends also on the charge asymmetry of the DNS
corresponding to a given CN. For an asymmetric DNS, the
interaction potential pocket is deeper than that for a more
symmetric configuration.

The potential energies U(R,,, Z, A, J) of the DNS versus Z
are presented in Fig. 1 at different values of J for the reactions
78.86Kr 4 12C. Note that because the isotopic composition
of the nuclei forming the DNS is chosen with the condition
of an N/Z equilibrium in the system [19], the mass and
charge evolutions are related to each other. Because the mode
responsible for the N/Z equilibrium in the DNS is the fast
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FIG. 2. Potential energies U(R,, Z, A, J)of the
DNS at position R = R;, of the Coulomb barrier
of V versus charge asymmetry (expressed by the
Z value of one of the fragments) are presented at
different values of angular momentum J for the
reactions "*Kr + '2C (dashed line) and *Kr + 2C
(solid line). The value of A relates to Z to supply
the minimum of U. The value of U is normalized to
the energy of the rotating compound nucleus. Mass-
asymmetric macroscopic fission barriers extracted
from the experimental cluster decay cross sections
in Ref. [17] are shown for the reactions *Kr + '>C
(filled circles) and Kr + '2C (filled squares).
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one, the potential energies U are minimized with respect to
the mass asymmetry for each fixed charge asymmetry. For
the shown U with J < Jax, the CN configuration seems to
be energetically more favorable than any DNS configuration.
Thus, the quasifission component is small in comparison with
the complete fusion component. At high angular momenta,
about J > 60, the potential energy U of a DNS, normalized
to the energy of a rotating CN, is negative. This indicates that
the complete fusion becomes energetically denied.

Note that the driving potential is sensitive to the total mass
number of the DNS. Comparing the driving potentials for the
reactions "®Kr + '2C and 8Kr + '2C (Fig. 1), one can con-
clude that the odd-even staggering decreases with increasing
N /Z ratio in the system and the potential energy is flatter for a
neutron-rich DNS. Figure 2 shows a comparison of the binary
decay barriers obtained in our model for °>**Mo with the
mass-asymmetric macroscopic fission barriers extracted from
the experimental cluster decay cross sections in Ref. [17];
this is convincing evidence of the correctness of our potential
energy calculations.

C. Capture cross section

The partial capture cross section is given as
o(Ecm.,J) = T[AZ(ZJ + 1)Pcap(Ec.m.’ D), (N

where x> = h? /UE. ) 1s the reduced de Broglie wavelength
and p the reduced mass. The value of o.(E. ., J) defines the
transition of the colliding nuclei over the Coulomb barrier with
the probability Pep(Ecm., J) and the formation of the initial
DNS when the kinetic energy E. and angular momentum
J of the relative motion are transformed into the excitation
energy and angular momentum of the DNS. The transition
probability is calculated with the Hill-Wheeler formula
Pcap(Ec.m., J) = (1+ exp{zn[V(Rba Zis Aia ,8] =07 /32 :09 J)
— Ecm]/ho(J YW~!, where the effective nucleus-nucleus

40 45

potential V is approximated near the Coulomb barrier at
R = R;, by the inverted harmonic-oscillator potential with the
barrier height V(R;, J) and the frequency w(J).

The total capture cross section is

Jl“ax Jn]ﬂx
oc(Eem) = Z oc(Eem., J)= i 2(2‘] + 1)Pcap(Ec.m.v J),
J=0 J=0

®)

where the maximum value of angular momentum Jiax
is limited by either the kinematical angular momen-
tum  Jyin = 2ulEcm — V(Ry, Z;, A;, B1 =0,8,=0,J =
0)1}!/2R, /7 or by the critical angular momentum J,,, depend-
ing on which one is smaller: Jy,x = min{Jxin, Jer}-

The excitation energy of the CN formed is determined as

Ein() = Ecm + Q — ENY(J), (€))

where the Q value is determined as Q = By + B, — By»
and the rotational energy E}5 is not available for internal
excitation. Because the potential energy of the DNS is
determined relative to the CN potential energy, the local

excitation energy of each DNS is

E; ,(J) = EN(J)—U(Rn, Z, A, J). (10)

Then the temperatures of the CN and the DNS are Ten(J) =
VEN)/aand Tz o(J) = \JE7 ,(J)/a, respectively, within
the Fermi-gas model. The level density parameter a is taken
asa = 0.114A + 0.162A%/3 from Ref. [28].

D. Evolution of charge and mass asymmetries

The time evolution of the charge and mass asymmetry
coordinates of a nuclear system is usually described in the
framework of the transport model. In this approach the time
dependence of the probability Pz 4(¢) of finding a system at
moment ¢ in a state with charge Z and mass A asymmetries is
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calculated by the master equation [29]

A(+,0)

d _
— Pz () = A(z.;?),AHPZH,AH(l)-F 7z 1.4-1Pz—1.4-1(1)

dt
+ A(ZO,’;-){-I PZ,A-H(I) + A(ZO::{)_I PZ,A—I(t)
(ALY + A2+ A0+ ATV]Pa0),
(1)

with initial condition Pz 4(0) =87 7,844, (Z; and A; char-
acterize the initial DNS). Here, the CN is treated as one of

the available asymmetries. The transport coefficients [A(fo),

A(Z({’X)] characterize the proton and neutron transfer rates from

. . . . . (=,0)
a heavy to a light nucleus or in the opposite direction [A7 ",

A(Z()j;)]. In Eq. (11) we take only the transitions Z = Z £ 1
and N == N = 1 into account, in the spirit of the independent-
particle model. The time independence of the transport coef-
ficients and the structure of Eq. (11) guarantee the existence
of a stationary solution Pz 4(t — 00) = Pz o(E{y, J) of the
master equation.

The lifetime of an excited CN (DNS) is predetermined
by the time of neutron emission (the time of quasifission),
which is sufficiently long to reach the mass and charge
equilibrium limit in Eq. (11). Thus, in the treatment of the
formation of complex fragments the equilibrium limit of
the master equation can be imposed so that the probability
Pz 4(E¢y, J) is proportional to the relevant level density
p. At a fixed total energy of the CN the level density is
proportional to exp[—U(Ry, Z, A, J)/ Tanax(J)], Thax(J) =
max[Ten(J), Tz, 4(J)] [29], and thus, the DNS formation
probability is written in the following way:

Pz a(Ecn. J)

_ CXP[—U(Rm, Z7 A, J)/dex(-])]
1+, aeXp[=U(Ry, Z', A, J) Trax ()]

12)

According to Eq. (12), the potential energy U(R,,, Z, A, J)
completely determines the evolution of the excited system.
For the reactions under consideration, Ty, (J) = Ten(J).
The probability of thermal penetration of the Coulomb
barrier (decay of the DNS in R into two fragments or binary
decay with Z > 2) from the DNS represented by two nuclei
trapped in a potential pocket can be written, in complete
analogy with the fission probability in the transition-state

Pz AP}
Wz a(Ecn, J) = A

expl—U(Rp, Z, A, 1)/ Tex(D]exp [ = BE(Z, A, 1)/ Tz.4()]
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formalism (at the high-temperature limit), as
Pf, ~exp[ = BY(Z, A, D/ Tza(D].  (13)

From the experimental data [2] on complex fragment
emission at low energies, one would conclude that fission
and evaporation are the two obvious extremes of a single
statistical decay process. The connection between them is
provided in a very natural way by the mass asymmetry
coordinate. Because of this, theoretical descriptions of the
binary decay and the light-particle evaporation processes
should be on the same basis, and we use the same expression,
Eq. (13), to calculate the probabilities of neutron, proton,
deuteron, and triton emissions. So, the competition between
the evaporation channel and the binary decay channel is
taken into consideration in a unique way. In the calculations
the temperature and emission barriers for these particles are
as follows: Tz_oa—0(J) = Tz—0,4=1(J) = Tz=1,4=0(J) =
Trmia=1()) = Tz az1(J) = Ten()  and  BR(Z =0,
A=1,J)=B, for a neutron with binding energy B,,
B?:(Z =1,A=0,J)=B,+ Vép) for a proton with binding
energy B, and Coulomb barrier 1428 B?ef(Z =1,A=1,J])=
By + Véd) for a deuteron with binding energy B, and Coulomb
barrier Véd), and Bgf(Z =1,A=2,J)=B; + Vé’) for a
triton with binding energy B; and Coulomb barrier Vél).
Coulomb barriers for the outgoing proton, deuteron, and triton
are taken as in Ref. [20]:

eX(Z - 1)
L7[(A" = m)V3 +m)”]

i

() _
o =

(14)

where Z" and A’ are the charge and mass numbers of a nucleus
that emits a light charge particle i (i = p, d, t) and m; is the
mass number of the light charge particle.

Binary cluster emission is imagined as a two-step process.
The system evolves in charge and mass asymmetry coordinates
toreach a statistical equilibrium in mass asymmetry coordinate
so that the probability of finding the system in each DNS
configuration and CN configuration depends on the potential
energy U(R,,, Z, A, J). After formation, the excited DNS can
decay in R coordinate into two clusters if the local excitation
energy of the DNS is high enough to overcome the barrier
in R. So, the emission probability Wz 4(E¢y, J) of a certain
cluster is the product of the DNS formation probability and
the DNS decay probability:

where the indexes Z’ and A’ go over all possible channels
of disintegration, from neutron evaporation to symmetric
splitting. Here, U(R,,, Z, A, J) =0 for the n, p, d, and
t evaporation channels. Thus, the competition between the
evaporation channel and the binary decay channel is taken
into consideration in a very natural way. We should stress that
this competition depends strongly on the angular momentum

SowPraPl Y, expl—U(Rn, Z', A, J)] Tex(D]exp [ — BR(Z', A", 1)/ Ty a (D]

15)

of the system. With increasing angular momentum J, the CN
has less excitation energy available for the evaporation of light
particles, but at the same time the binary decay barrier B%f
decreases. The probability W;_4 increases with J more rapidly
for a symmetric DNS than for asymmetric ones. Thus, the
yields of fissionlike products grow with increasing angular
momentum.
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For the binary decay channel, the excitation energies
of the emitted complex fragment and residue nucleus are,
respectively,

: A
Ei(Z,A,J)=[E5 ,(J) = BY(Z, A, )],
"6
* * qf Az
Ej(Z, A, J)=[E; ,(J)— BR(Z, A, J)]A—,
t

where A, = A + A, is the total mass number of the DNS
and E; ,(J) — B;';(Z, A, J) the excitation energy of the DNS
at the Coulomb barrier. We assume that the excitation energy
and the angular momentum of the DNS are shared between the
DNS nuclei proportionally to their mass numbers and moments
of inertia, respectively.

III. CALCULATED RESULTS

In the calculations, we use formulas (1) and (15) to treat
the sequential statistical decay (evaporation of light particles
and/or binary decay) of a hot CN. The generation of a whole
cascade of decay channels is performed by the Monte Carlo
method. We continue to trace the decay processes until all
fragments become cold (the excitation energy of fragments

.|03§_-"|'"|"'l"'l?:"ln'at"_E
102k He + Ag_:
§101§
£ 10°k
©10"f
10°F
10°F
10'4'...|...|...|...|...|...

103= """"" IRARARRARE IRRARRARAR T IRRARRARAR IRARRL
102}
5 10'}
= 10%
° 10"
10°F
10°
107 TR L, L, L, Lo

FIG. 3. Calculated charge (upper) and mass (lower) distribu-
tions for the 3He + "*Ag reaction at bombarding energy E);, =
30 MeV /nucleon. Experimental data (filled points) are taken from
Ref. [8].
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is lower than its neutron emission threshold). The number n
of generations of events in the Monte Carlo technique was
chosen according to the lowest decay probability, which is
~1/n. The number n > 10* of iterations is large enough to
obtain calculated results with a high accuracy.

To test our method, we treated the charge distributions
of emitted clusters for the reactions *He + ntAg at Ejy, =
30MeV /nucleon (Jpax = Jor = 15 and Jyip, = 17) and BCu +
2Cat Eyp = 12.6 MeV/nucleon (Jmax = Jor = 40 and Jyin =
48), leading to the CNs '"In [E&(J = 0) = 103.3 MeV]
and Br [Ef(J = 0) = 130.6 MeV], respectively. In Figs. 3
and 4 the calculated emission cross sections,

07(Eem) =Y _07.4(Ecm), (17)
A

are in good agreement with the experimental data [8,30]. The
experimental maxima of the charge distributions are correctly
reproduced. Odd-even effects (emission of even-Z fragments
is preferred over that of fragments with odd Z values) are
visible in the charge distributions for light fragments. This fact
indicates the influence of the shell structure of the DNS nuclei
on the evolution and decay of the system. Because the pairing
energy of the DNS light nucleus decreases with increasing
mass number A, odd-even effects become weaker for larger
values of Z.

As already shown, the suggested method is suitable for
predicting the charge yields. In Fig. 3 (lower) the mass
distribution,

oa(Eem) =Y _07.4(Ecm), (18)
zZ

of the products of the 3He (Ep = 30 MeV/nucleon) + ntAg
reaction is predicted. The peaks in the light mass region
correspond to the even-even nuclei $Be, '2C, and '°0. The
reason is that the driving potential U has deep minima for
corresponding DNSs. The isotopic distributions of the light

1w
L 86y + 2C
£ 10'F ;
bN
100:' E
4 8 2 12 16

FIG. 4. Calculated charge distributions for the *Cu + '>C reac-
tion at bombarding energy Ey,, = 12.6 MeV /nucleon. Experimental
data (filled points) are taken from Ref. [30].
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FIG. 5. Calculated isotopic distributions of binary decay products for the *He + "“Ag reaction at bombarding energy E, =

30 MeV /nucleon.

products emitted are predicted in Fig. 5, where one can
see that the distributions for odd-Z nuclei are broader than
those for neighboring even-Z nuclei. These predictions can be
experimentally verified.

For the ®Kr + '>C reaction leading to the CN “°Mo,
the calculations of charge and mass distributions are per-
formed at two different bombarding energies, Ej,p, = 8.52 and
11.37 MeV /nucleon (Fig. 6). The maximum angular momen-
tum Jpax = Jor = 42 is determined by the critical angular mo-
mentum for both cases. For example, the Bass model [31] gives
Jmax = 43 and 47 at Ejp, = 8.52 and 11.37 MeV /nucleon,
respectively [17]. The agreement between the calculated and
the experimental [17] Z distributions is quite good for both
energies. Odd-even effects are again visible in the charge
distributions for light fragments, while the excitation energies
of the CN are quite high, E¢ (J = 0) = 94.6 and 124.2 MeV
for the given incident energies. The strong increase in the
absolute cross sections with increasing bombarding energy is
seen in Fig. 6. The high excitation energy of the CN leads
to the high probability of binary decay. For example, the
experimental yield for the carbon is 3.7 times larger at Ej,, =
11.37 MeV /nucleon than at Ej,, = 8.52 MeV /nucleon. The
theoretical estimation gives a 3.45x difference.

The dependencies of the partial cross section

07(Eem, J) =) 07 A(Ecm., J) (19)
A

on the angular momentum J for the carbon and calcium
fragments are presented in Fig. 7 for the 7®Kr + '>C reaction
at the bombarding energy Ej,, = 8.52 MeV /nucleon. With
increasing angular momentum up to J ~ 30, the yield of
carbon increases faster than the yield of calcium, and at larger
angular momenta the opposite trend is observed. The reason is
that the difference in the potential energies of the DNS with a
carbon nucleus and the DNS with a calcium nucleus decreases
with increasing J (see Fig. 1) because of the difference in the
moments of inertia of these configurations. So, the angular
momentum strongly influences the probability of complex
fragment emission.

The calculated A distributions and the isotopic distribution
of the emitted products are shown in Fig. 6 (lower) and
Fig. 8 for the reaction "*Kr + !>C at the bombarding energies
Eip = 8.52 and 11.37 MeV/nucleon. One can see that at
higher energies the isotopic distributions of the light products
become broader, but the positions of maxima remain almost
the same.
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FIG. 6. Calculated charge (upper)
and mass (lower) distributions for the
8Kr + 2C reaction at bombarding energies
E, = 8.52 MeV /nucleon (left) and
11.37 MeV/nucleon (right). Experimental
data (filled points) are taken from Ref. [17].
Charge distributions calculated with Eq. (23)
are shown by the dashed line.

FIG. 7. Dependencies of the partial
emission Cross sections of  carbon
and calcium fragments on the angular
momentum for the reactions "*Kr (Ep =
8.52 MeV /nucleon) + '>C (dashed lines) and
8Kr (Eb, = 9.31 MeV/nucleon) + '2C (solid
lines).
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FIG. 8. Calculated isotopic distributions of binary decay products for the 7*Kr + '’C reaction at bombarding energies Ej, =
8.52 MeV /nucleon (solid line) and 11.37 MeV /nucleon (dotted line).

The dependence of the average total kinetic energy,

Jmax

TKE(Z) =

A,J=0

+h2fJ(fJ + 1)}
Z[LRZ
0.854R2

S(Ru» A, B1. B2)

of the binary decay products versus the charge asymmetry
is predicted in Fig. 9 for the 3Kr + '?C reaction at Ey, =
8.52 MeV /nucleon. The average TKE follows the value of the
corresponding Coulomb barrier and grows globally with in-
creasing Z x Z,. So, the maximum of TKE at near-symmetry
reflects the trend of the Coulomb interaction between one
fragment and its partner.

The calculated charge and mass distributions of the binary
decay products for the 3°Kr + !>C reaction at Ej = 9.31
and 12.94 MeV/nucleon are presented in Fig. 10. There,
Jmax = Jor =45 and E{(J = 0) = 102.9 and 141.1 MeV for
the CN *Mo. Our method allows us to make a quantitative
prediction of the charge distribution with the odd-even stag-
gering structure. At higher excitation energies, the CN decays

[U(Rb,Z,A,J =0)

UZ,A(EC.m.» J)
0z(Ecm)

’

(20)
f =

again, with a high probability by complex fragment emission.
Comparing the results for the *Kr 4+ '>C and ¥Kr + '2C

20

16

10- L | L | L |

10 12 14 18
z

6 8

FIG. 9. Average total kinetic energy of fragments for the
BKr + '2C  reaction at bombarding energy  Ejp =
8.52 MeV /nucleon.
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reactions leading to the CNs *°Mo and **Mo, respectively,
in Figs. 6 and 10, one can conclude that the emission cross
sections for clusters with large Z are larger for the neutron-
deficient CN. For instance, for carbon production, the ratio of
the cross sections is 2.5. This can be explained by suppression
of neutron evaporation from the neutron-deficient CN and by
smaller mass-asymmetric fission barriers U(R;, Z, A, J) for
the CN *Mo in comparison to the CN **Mo (see Fig. 2).

For the reactions "®Kr + 2C at Ej, = 8.52 MeV /nucleon
and 8Kr + '2C at Ej;, = 9.31 MeV/nucleon, the average
excitation energy,

Jmax

Ej(Z)= Y E}Z, A D)0z.4(Ecm, ))/02(Ecm), (21)
A,J=0

and the average collective spin

Jmax
J(Z)= Y J(Z. A, ))oz.4(Ecm, 1)/07(Eem),
A,J=0
(22)
0.853,J

J(Z, A )= ———,
t S(Ru. A, B1. B2)

of the primary light products as functions of Z are presented
in Fig. 11. The results of calculations show that for light
nuclei with Z < 10, the excitation energy is below the neutron
emission threshold, and these nuclei do not decay further. For
symmetric decay, the decay products have an excitation energy
and spin of about of 20 MeV and 5, respectively, which are
high enough for the emission of a few light particles.

In our method the emission of a given cluster from an
excited CN is treated as a two-step process. If emission is
assumed to be a one-step process—that is, the system directly
overcomes the Coulomb barrier U(R,, Z, A, J) and emits
fragments—the cross section of the charge particle emission
is expressed as follows:

Jmax
0z,A(Ecm) = Z Ucap(Ec.m.a J)
J=0
exp[—U(Ry, Z, A, J)/Ten(J)]
>z expl—=U(Ry, Z', A', )/ Ten(I)]
(23)

where the emission probability Wz 4(Efy, J) of a given
cluster from the excited system is
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FIG. 11. Average excitation energies

(upper) and spins (lower) of primary
decay products for the reactions 8Kr
(Eip = 8.52 MeV/nucleon) + >C  (solid lines)

and  ¥Kr (Ep = 9.31 MeV/nucleon) + '>C
(dashed lines).

Wya(Ery, J) = — S PIZURs. 2, 4, 1)/ Ten ()]

exp[ — [URn, Z, A, J) + BY(Z, A, )]/ Ten(D)]

In Fig. 6 we compare the emission cross sections calculated by
formulas (15) and (24). The difference between the results of
these two methods decreases with increasing excitation energy
of the CN. One can see that the two-step process treatment
seems to be more suitable than the one-step process treatment.
This fact supports the mechanism of cluster emission sug-
gested by us. By using different level density parameters for
the binary decay and evaporation of neutrons, one can obtain,
with Eq. (24), better agreement with the experimental data.

IV. SUMMARY

The formalism developed in this paper allows us to
describe the emission of a sizable fragment. The mechanism
of cluster emission is treated under the assumption that
light clusters are produced by a collective motion of the
nuclear system in the charge asymmetry coordinate, with
further thermal penetration through the Coulomb barrier. The
emission barriers for complex fragments are calculated by
using the double-folding formalism for the nuclear part of the
nucleus-nucleus interaction potential. Competition between
the evaporation channel and the binary decay channel is taken
into consideration in a unique way. This competition and
the competition between the binary decay channels strongly
depend on the angular momentum of the system.

Y 2w expl=URy, Z\, A, )/ Ten(D) Y, exp[ = [URn, Z', A", J) + B (Z', A7, )]/ Ten()]

(24)

Our approach describes the experimental production cross
sections for complex fragments well . Therefore, one can
expect that the suggested treatment will provide reasonable
estimates of mass distributions of nuclear decays by cluster
emissions. The predicted dependence of the cross section
of binary decay on the isotopic composition of the CN
correlates well with the isotopic dependence of the Q value.
The theoretical predictions of the isotopic distributions for the
reactions *He + "*Ag and "®Kr + '2C can be experimentally
checked by measuring the cross sections of the emission
of different sizable clusters as functions of the excitation
energy. Irregularities in the increase in emission of various
clusters with excitation energy would reflect certain charge
and mass asymmetric states. The optimal excitation energies
for emission of different complex fragments and the TKE
distribution of binary decay products can also be predicted
with our model.
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