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The main approaches to the description of dissipative processes in heavy-ion physics are
reviewed. A microscopic model of the authors for the description of the dissipation of the kinetic
energy of the relative motion and the distribution of the excitation energy between the

products of deep inelastic heavy-ion collisions is formulated. The calculations make it possible to
draw a conclusion that is confirmed experimentally—the excitation energy is distributed
approximately equally between the interacting nuclei and may even be concentrated on the light
partner. The proposed microscopic model is used to find the coefficients of the master

equation that determines the evolution of the dinuclear system in the charge and mass spaces.
The influence of the shell structure of the nuclei on the process of simultaneous transfer

of protons and neutrons in deep inelastic heavy-ion collisions is investigated. It is shown that the
process of establishment of N/Z equilibrium is monotonic. Good agreement with

experimental data is obtained. The calculated cross sections for the production of isotopes of
light elements agree with the Q,, systematics. An original method is developed for microscopic
calculation of the energy “driving” potential of the dinuclear system. The microscopic

“driving” potential carries more information about the paths of evolution of the dinuclear system.
A fairly simple method for calculating the single-particle matrix elements of nucleon

transitions in the dinuclear system is proposed. © 1994 American Institute of Physics.

INTRODUCTION

In heavy-ion collisions, various nuclear reactions can
take place. To a large degree, their mechanism depends on
the kinetic energy of the bombarding nuclei. On the scale of
the kinetic energies, one can identify several points near
which the reaction mechanism changes. Proceeding along
this scale in the direction of increasing kinetic energy, the
first point that we reach is the barrier for the interaction of
the nuclei. If the kinetic energy of the incident ion is less
than this value, the interaction of the nuclei is purely Cou-
lomb. If short-range nuclear forces are to act, the nuclei must
approach each other to a sufficiently short separation. For
this the interaction barrier must be overcome. The next dis-
tinguished point corresponds to a velocity of the bombarding
nucleus equal to the Fermi velocity, i.e., the kinetic energy
per nucleon of the incident ion is equal to the Fermi energy.
In the interval between these two points, direct reactions,
deep inelastic heavy-ion collisions, and complete-fusion re-
actions take place.

Deep inelastic heavy-ion collisions give a unique possi-
bility to study the interaction dynamics of two complex nu-
clei, since they occupy an intermediate position between
such very different processes as direct reactions and reac-
tions with formation of a compound nucleus. As in direct
reactions, in deep inelastic collisions there is still a strong
coupling between the entrance and exit channels of the reac-
tion. The dispersions of the mass and charge distributions of
both the products of deep inelastic collisions and the fission
fragments are very large. Thus, dynamical and statistical as-
pects are simultaneously and clearly manifested in deep in-
elastic heavy-ion collisions. Despite the extensive experi-
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mental material that has been accumulated and numerous
theoretical studies, we are still far from the construction of a
unified microscopic picture of heavy-ion reactions at low
energies (<10 MeV/nucleon). The mechanism responsible
for the intense dissipation of kinetic energy (~hundreds of
mega-electron-volts) has not yet been determined unambigu-
ously. Very interesting questions relate to the distribution of
the excitation energy between the reaction products, the re-
lationships between the different reaction channels, and the
isotope yields of individual elements.

A special feature of deep inelastic collisions is that they
lead to a fundamentally new phenomenon in nuclear
physics—the formation of a dinuclear system.'~® During the
entire formation and evolution of the dinuclear system there
is continuous redistribution of nucleons, excitation energy,
and angular momentum between the nuclei. An unstable for-
mation like a dinuclear system “‘lives” for the order of a few
1072 s and decays before it achieves complete statistical
equilibrium with respect to all degrees of freedom. The es-
tablishment of equilibrium between the proton and neutron
numbers®~’ occurs practically instantaneously in light sys-
tems and is a monotonic continuous process in heavy
systems.®~1% Nucleons are exchanged slowly between the
parts of the dinuclear system. As it evolves, a dinuclear sys-
tem can in principle pass with some definite probability
through any macroscopic configuration allowed by the con-
servation laws for the particle number, charge, and total en-
ergy. A dinuclear system decays either for static reasons
(dominance of forces of repulsion between the interacting
nuclei) or for dynamical reasons (coupling of modes of mo-
tion).
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Experimental data on the widths of the charge (mass)
distributions of the reaction products,>® the dependence of
the yields of nuclei on their nucleon composition,'''* and
data on the yields of light particles in collisions that lead to
the formation of compound nuclei'®!” indicate that as di-
nuclear systems evolve individual features of the nuclei are
preserved, and shell effects play an important part. For ex-
ample, for very heavy 2®U+2*%U nuclei'® one observes an
unexpectedly intense diffusion of the protons compared with
the other symmetric 2°®Pb+2°*Pb system.'® The dispersions
of the mass distributions in the '**Sm+'**Sm and
14Sm +1*Sm reactions differ strongly, this being explained
in Ref. 20 by the large neutron binding energy in the second
case. The cross sections for production of compound nuclei
in the 'Mo+!%Mo and '""Pb+'""Pb reactions differ by
four orders of magnitude, although the masses of the inter-
acting nuclei differ by only 10 units.”"** The *0+°*Mo and
2Cr+°%Fe (Ref. 23) or **Ar+°Th and **S+2%U (Ref. 14)
reactions, which lead to the same compound nucleus, give
entirely different charge distributions, indicating different
paths of evolution of the dinuclear systems. In the
28U +%Ca reaction® a large mass dispersion with small
change in the mean mass number of the light fragment is
observed, but in the 28U+*’Ca reaction this is not so. Esti-
mates show?* that for the synthesis of heavy elements it is
better to use a neutron-rich incident nucleus. The experi-
ments of Refs. 1 and 5 indicate manifestation of shell effects
in the “°Ar+"™Ag and “°’Ar+'*’Au reactions. The yield of
nuclei in them rapidly decreases with decrease of the atomic
number Z from 18 to 9, but then begins to increase with
decreasing Z and reaches the largest value for « particles. In
addition, an enhanced yield of nuclei with closed shells and
subshells is observed: 0, 1>C, N. The nuclide yields also
reflect the parity of Z and N. The even isotopes have larger
production cross sections. Analysis of the experimental re-
sults showed that allowance for shell effects makes it pos-
sible to reproduce qualitatively the tendency in the behavior
of do/dZ. The Q,, systematics'™ is the most pronounced
feature in the cross sections of the exit channels.

In a number of experiments it was shown that in the
reactions with *®Ni+!7Au (Refs. 25 and 26) and “‘Fe,
"Ge+1%Ho (Refs. 27—33) the energy of the internal excita-
tion is distributed approximately equally between the prod-
ucts of the binary reactions, and in the reactions with
52Cr+2%pb (Ref. 34), 28U+ '%*Sn, 1'°Pb (Ref. 35) a greater
part of the excitation energy is actually concentrated in the
light fragment at relatively large losses of the kinetic energy.
In the case of interaction of two nuclei homogeneous with
respect to their structure, the excitation energy would be dis-
tributed fairly rapidly between the fragments in proportion to
their masses. The considered experimental data confirm the
idea that the individuality of the interacting nuclei is pre-
served even for a relatively high excitation energy of the
dinuclear system and indicate that shell effects play a funda-
mental role in the evolution of the dinuclear system. The
study of the influence of shell effects is topical in connection
with planned experiments with radioactive beams, which
will significantly extend the possibilities for investigating the
mechanism of nuclear reactions. The basis for an analysis of
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these effects must be a microscopic model. In our view, theo-
retical study of the dynamics of dinuclear systems will make
it possible to consider within a single approach deep inelastic
collisions, quasifission, and fusion.

The simultaneous manifestation of dynamical and statis-
tical effects in heavy-ion interactions extends the field of
investigation and makes the interpretation of the experimen-
tal data more difficult, since one must consider a larger num-
ber of degrees of freedom. Because the nuclei have an inter-
nal structure, which is very complicated at the considered
excitation energies, it is necessary to seek simplifications by
choosing the most probable path of the evolution in the con-
figuration space of the reaction instead of considering all
possible paths and by introducing macroscopic characteris-
tics (particle flux, friction, shape, etc.). It is a fundamental
problem to understand these at the microscopic level. The
dynamical and statistical characteristics are manifested to
different degrees at different stages of heavy-ion collisions.
This makes it possible to model separately each stage of the
collision, and this also simplifies the theoretical treatment.

In a systematic microscopic theory, the evolution of di-
nuclear systems is determined by the time-dependent Schro-
dinger equation for the many-particle wave function of the
system or by the Liouville equation for the many-particle
density matrix. It is not possible to solve these equations
without making certain simplifying assumptions. Moreover,
exact solution of the equations gives more information than
can be verified experimentally, since it is mainly inclusive
characteristics of the reaction products that are observed in
an experiment. On the other hand, the successes of relatively
simple phenomenological and semimicroscopic models*®~4*
indicate that not all degrees of freedom have a significant
effect on the dynamics of the system. In such models, one
identifies as important only certain collective (macroscopic)
degrees of freedom, which are chosen a priori on the basis of
the requirements of the interpretation of the experimental
material. The number of collective degrees of freedom taken
into account explicitly can be reduced by using experimen-
tally established differences of their relaxation times.

Thus, the task of a microscopic theory is to find an ef-
fective Hamiltonian of the collective motion and interaction
with the internal degrees of freedom. The coupling between
the macroscopic and internal degrees of freedom is a source
of irreversible processes in dinuclear systems such as transfer
of mass, charge, etc. The existing models differ in the inter-
nal excitations that they introduce explicitly or implicitly.
They may be coherent and incoherent particle—hole excita-
tions in each of the nuclei and transfers of nucleons or clus-
ters from nucleus to nucleus.**® Since heavy-ion collisions
are characterized by both coherent and stochastic forms of
motion of the nucleons, there is the dilemma of which of
these two processes is dominant in a reaction. The micro-
scopic models based on a statistical description of the inter-
nal system do not make it possible to estimate the relative
importance of the coherent and incoherent processes in
heavy-ion collisions. A natural way out of this difficulty is to
take into account simultaneously the incoherent and coherent
properties of heavy-ion collisions on a unified basis or to test
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each of these mechanisms in the description of different as-
pects of heavy-ion collisions.

The first possibility is partly realized in the approach
called dissipative diabatic dynamics (DDD).*”*® This model
is restricted solely by the form of the coherent motion of the
nucleons—their diabatic motion in the changing two-center
mean field. The process of excitation of the nuclei includes
only particle—hole states whose diabatic levels cross during
the motion of the nuclei. Because of the diabatic nature of
the single-particle motion, the coupling between the collec-
tive and internal degrees of freedom is coherent and nonlin-
ear, in contrast to linear response theory. In the dissipative
limit, the friction in the DDD model is equivalent to single-
body friction (“wall” formula,*® “piston” model®®) if the
time of establishment of local equilibrium is taken to be
equal to the time required for a nucleon to pass through the
nucleus.

Despite the clarity of the physical picture in the DDD
model, there are certain doubts concerning the validity of the
concept. First, there are no accurate estimates of the validity
of assuming diabaticity of the single-particle motion. Sec-
ond, as is shown by calculations of inelastic processes in
nuclear collisions,”! appreciable energy dissipation is ob-
served even before the first crossing of the single-particle
levels near the Fermi surface. Moreover, these excitations
smear the Fermi surface, and the Landau-—Zenerovskii
nucleon hopping mechanism loses its importance (the prob-
ability is small).

Numerous experimental data show that the dynamics of
deep inelastic collisions is to a large degree determined by
the process of mass and charge transfer between the nuclei.
Up to now, two approaches, which start from opposite as-
sumptions, have been developed to describe the establish-
ment of equilibrium with respect to the charge mode in di-
nuclear systems. In the first approach, the exchange of
protons is described as a stochastic process without allow-
ance for inertial effects (“overdamped” regime).”* In the
second approach, the charge asymmetry is regarded as a col-
lective mode.5>*->5 The model of Ref. 55 is based on the
method of a generalized density matrix®® developed for the
case of collective motion with large amplitude.’’>® This
model describes the dispersions of the charge distributions of
the fragments for fixed mass asymmetry. The equations of
the random-phase approximation are used to describe the
high-lying isoscalar and isovector collective states of the di-
nuclear system.

The possibility that the transfer of mass (charge) in deep
inelastic heavy-ion collisions is a collective process has been
considered by Greiner’s group.42’59’6° In their theory of frag-
mentation, the evolution of the system along the mass-
asymmetry coordinate is determined by a time-dependent
Schrodinger equation. Integrating this equation along the
classical trajectory of the relative motion of the colliding
nuclei, one can determine the change in the width of the
mass (charge) distribution. Of course, because of the adia-
batic treatment of the process, quantum fluctuations are ig-
nored. However, it is known that in the case of a rapid break-
ing of the neck the motion with respect to the mass-
asymmetry mode becomes strongly nonadiabatic. In this
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model, the potential energy of the dinuclear system is calcu-
lated in the framework of the liquid-drop model with allow-
ance for shell corrections. At the same time, it is assumed
that at each instant the system is at the minimum of the
potential energy with respect to the parameters describing the
neck and the deformation of the nuclei.

Among the various approaches, transport (stochastic)
models are most widely used to describe deep inelastic
heavy-ion collisions.~”> The exchange of mass and charge
and the transfer of energy and angular momentum of the
relative motion to the internal degrees of freedom can be
successfully interpreted as a diffusion process. By its nature,
the interaction of nuclei is a nonequilibrium statistical
process—the dinuclear system is not only excited but also
relaxes to complete statistical equilibrium. Transport equa-
tions differ fundamentally from the Schrodinger equation.
They describe the irreversible evolution of a probability dis-
tribution, and not an amplitude. All transport theories pro-
ceed from a division of the degrees of freedom of the system
into a slow macroscopic degree and a rapidly relaxing inter-
nal degree; this leads to the neglect of coherence effects and
correlations. By adopting explicitly or implicitly statistical
hypotheses for the interaction operator of the collective and
internal degrees of freedom, it is possible to deduce kinetic
equations from the Liouville dynamical equation of motion.
Such a derivation makes it possible to obtain microscopic
transport coefficients. It is interesting to compare the trans-
port coefficients obtained in the various models.”®’” In the
macroscopic diffusion models, the transport coefficients are
assumed to be proportional to the ratio of the phase spaces of
the states of the excited system, i.e., the direction of nucleon
transfer is determined by the balance between the total ener-
gies of the different configurations of the dinuclear system.
Some shell effects associated with the dependence of the
binding energy on A and Z can be included in the potential
energy (“driving” potential) of the dinuclear system by using
experimental values of the binding energies of the nuclei of
the dinuclear system. However, the neglect of the nucleon
shell structure of the nuclei makes it impossible to interpret
some experimental data. For example, the diffusion models
that use a potential-energy surface cannot explain the strong
growth in the dispersion of the mass distribution correspond-
ing to a weak change in the mean masses of the reaction
partners, %78

In the microscopic approach, various authors developed
transport models such as the random-matrix approximation
(Refs. 61, 67, 71, and 75), the model of single-body
dissipation,m’&”72 and the linear-response model (Refs. 65,
66, 73, and 74), which stimulated the development of the
theory of large-amplitude collective nuclear motion. The
main kinetic equation in all these approaches is a master
equation, or Fokker—Planck equation, for the distribution
function of the collective coordinates and the conjugate mo-
menta in the phase space of the collective degrees of free-
dom. The solution of the Fokker—Planck equation contains
information about the mean values and fluctuations of the
dynamical variables. At the same time, the mean values sat-
isfy Newton’s equation with friction forces.

In single-particle models (Refs. 63, 64, 68, 69, and 72),

Adamyan et al. 585



the transport coefficients of a Fokker—Planck equation de-
scribing transfer of mass, charge, energy, and angular mo-
mentum have been obtained. In these models, it is assumed
that the reaction partners retain their individuality. The inter-
nal system is described as a sum of independent internal
subsystems of each of the nuclei. In the model of Refs. 63
and 64, allowance is made for incoherent particle-hole ex-
citations and the exchange of nucleons between nuclei due to
nondiagonal matrix elements of the single-particle potential.
The model of Refs. 68 and 69 considers only exchange of
nucleons and is a microscopic analog of the classical picture
of the exchange of particles through a window during the
collision of the nuclei (“proximity” model).*’ A statistical
hypothesis enters the model together with the assumption of
rapid randomization of the motions of the nucleons in each
of the nuclei. The simplicity of the model of Refs. 68 and 69
and the success in describing the loss of kinetic energy
(“window” formula) and the widths of the mass (charge)
distributions of the reaction products are intriguing.

In neither model are the shell effects treated explicitly,
and no allowance is made for the details of the single-particle
spectra of the reaction partners. In the model of Refs. 63 and
64, the matrix elements for nucleon transfer from nucleus to
nucleus are determined by a procedure of averaging over all
shell configurations. An influence of the structure of the in-
teracting nuclei is manifested only in a strong dependence of
the transport coefficients on the density of the single-particle
levels. In the second model the interacting nuclei are treated
in the Fermi-gas approximation, and this means that the
structure of the nuclei is taken into account only in an aver-
aged manner through the ground-state energy and the param-
eters of the level density. It should be noted that the transport
coefficients obtained in these approaches differ strongly. The
approximation of Refs. 63 and 64 is not based on perturba-
tion theory, in contrast to the model of Refs. 68 and 69, in
which the coupling between the collective and internal mo-
tions is described not in a self-consistent manner but only on
the average and in the first order of perturbation theory
(“weak-coupling” limit). The transport model of Refs. 68
and 69 includes (classically) dynamical effects, whereas the
model of Refs. 63 and 64 does not consider explicitly the
relative motion of the nuclei.

In the linear-response theory of Refs. 65 and 66, the
main statistical hypothesis is the assumption that at each
point of the classical trajectory the internal system is close to
thermodynamic equilibrium. It is then possible to calculate
the deviation of the density matrix of the internal system
from equilibrium by perturbation theory. The linear-response
theory is formulated in the quasiadiabatic approximation
(“weak-coupling” limit), i.e., the model is valid only for low
collective velocities. The excitation of the internal system
(incoherent particle-hole excitations in a two-center poten-
tial) is generated after each infinitesimally short time interval
by a change in the mean field of the dinuclear system. As
macroscopic (collective) degrees of freedom, the relative
motion of the nuclei, the mass (charge) asymmetry, and the
shapes of the nuclei are taken into account in this model. The
macroscopic and microscopic degrees of freedom are
coupled by a friction tensor. The friction and the diffusion
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coefficient are connected by Einstein’s relation. The dissipa-
tion in the framework of linear-response theory is a
quantum-mechanical version of the classical single-body
friction (“‘wall”” formula).

In all the above-mentioned transport models it is as-
sumed that the dinuclear system is highly excited and that
local equilibrium is established during a very short interval
of time. This is a good approximation for the final stage of
the reaction but is not correct for the description of the initial
stage. The calculations of Ref. 6 show that in the initial stage
of deep inelastic heavy-ion collisions strong coherent excita-
tions, which decay into complex incoherent states during the
time in which local equilibrium is established, are dominant.
To take into account these effects, a modified Fokker—Planck
equation, in which allowance is made for the nonstatistical
initial phase of the collision, was obtained in Ref. 79.

In heavy-ion reactions at an energy a few MeV/nucleon
above the Coulomb barrier, the dinuclear system can be char-
acterized in a good approximation as a system consisting of
noninteracting particles with a common time-dependent
mean field, since the average velocity (Fermi velocity) of the
nucleons is much greater than the relative velocity of the
ions. For the description of the initial stage of the reaction,
the most general microscopic approach is through the solu-
tion of the many-particle Schrodinger equation in the time-
dependent Hartree—Fock approximation (TDHF).30-%2 The
TDHF contains a description of all the degrees of freedom
that are considered in the transport models. However, certain
problems arise with the separation of these macroscopic ob-
servables, owing to the nonlinearity of the dynamical equa-
tions. In the framework of the TDHF it is possible to obtain
a good description of the fission cross section and deep in-
elastic collisions, the deflection functions, the dissipation of
energy and relative angular momentum, the centroids of the
mass (charge) distributions, etc. At the same time, the calcu-
lated dispersions of the mass (charge) distributions are sev-
eral times smaller than the experimental dispersions. The
TDHF is also unable to give a good description of the fusion
cross section. Another serious shortcoming of the TDHF in
the theory of nuclear reactions is its inability to take into
account fluctuations of the mean field and, in particular, of its
shape. Moreover, the practical realization of the method en-
counters numerous computational difficulties. There is there-
fore interest in alternative approaches based on the TDHF
such as the adiabatic time-dependent Hartree—Fock approxi-
mation (ATDHF) and semimicroscopic hydrodynamic
models.”>82

The multistage processes of heavy-ion collisions can be
described consistently in the framework of the coupled-
channel method.?*®* For simplicity, one usually goes over
from the system of equations of this method to a transport
equation, and the coupling of the channels is modeled by
means of friction forces.®

There now exist simple models in which one does
not take into account all the effects (for example, micro-
scopic self-consistency of the density and nuclear potential)
included in the TDHF method. However, by means of them
it is possible to make significant progress in understanding
the physics of the interaction of nuclei. In the framework of
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such an approach, we have attempted to describe in a unified
manner heavy-ion collisions in a wide range of energies—
from the quasielastic to the deep inelastic regime. Our model
(Refs. 52, 76, 77, and 96—108) makes it possible to take into
account explicitly the influence of the shell structure of the
nuclei on the collision process. Constituent elements of the
model are a realistic scheme of single-particle levels,
nucleon separation energies, single-particle matrix elements
of inelastic transitions of nucleons in the nucleus due to the
effect of the field of the incident ion, and the matrix elements
of nucleon transfer from nucleus to nucleus. The single-
particle approximation is improved by phenomenological al-
lowance for the residual interaction between the nucleons.
The model also makes it possible to take into account in a
simpler manner the fluctuations associated with the distortion
of the mean field in the framework of the random-phase ap-
proximation. Knowledge of the evolution of the single-
particle degrees of freedom makes it possible to obtain trans-
port coefficients, and this provides a microscopic basis for
the phenomenological description of deep inelastic heavy-
ion collisions on the basis of a “master” equation or a
Fokker—Planck equation.”®”” On the basis of the explicit
evolution operator for the system, we obtained in Refs. 96—
101 the probabilities of transitions between macroscopic
states of the system differing in the charge (mass) asymme-
try. The results of these studies indicate a strong influence of
the shell structure on the many-nucleon transfers, i.e., the
change in the macroscopic parameters of the dinuclear sys-
tem is determined by microscopic transitions of nucleons.
The reason for the transitions is that after the heavy-ion col-
lision the nucleons are in a certain mean field of the di-
nuclear system, and their states are no longer eigenstates for
the Hamiltonian of the system. Study of the changes of the
collective variables of the dinuclear system makes it possible
to obtain experimentally observable characteristics of heavy-
ion reactions. It is interesting to establish the connection be-
tween the macroscopic and microscopic approaches used to
describe the evolution of dinuclear systems and, in particular,
to develop a method of microscopic calculation of the energy
of the dinuclear systems.

1. BASIC PROPOSITIONS OF THE MICROSCOPIC
MODEL

The model is based on the assumption that at the con-
sidered collision energies the nuclei retain their individual
properties. Therefore, for the quantum-mechanical descrip-
tion of the internal degrees of freedom we use a single-
particle approximation with realistic schemes of the single-
particle levels for each of the nuclei. Qualitatively, the
process is represented as follows: Two potential wells
(Woods—Saxon potentials) whose centroids move along clas-
sical trajectories perturb each other, giving rise to changes in
the state of motion of the nucleons and transfers of them
from nucleus to nucleus. In this model, this mechanism is the
main mechanism of kinetic-energy dissipation and exchange
of nucleons. Two-particle collisions of the nucleons are taken
into account indirectly through the Fermi (thermal) occupa-
tion numbers. Effects associated with the residual interaction
like excitation of high- and low-lying collective states of the
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nuclei and of the dinuclear system are not taken into account
explicitly, although the readily excited modes of surface vi-
brations must contribute to the dissipation. The adiabaticity
of the relative motion with respect to these vibrations re-
duces this effect.

It is convenient to represent the total Hamiltonian H of
the dinuclear system in the form

fl:ﬁrel+ﬁin+ f/int' (1)
The Hamiltonian
D2

Hy= ﬂ +U(R)
of the relative motion is the sum of the kinetic-energy opera-
tor and the interaction potential U(R) of the nuclei in the
ground state. Here, R is the distance between the centers of
mass of the fragments, P is the conjugate momentum, and u
is the reduced mass of the system. The last two terms of (1)
describe the internal motion of the noninteracting nuclei and
the coupling of the relative motion to the internal motion,
respectively.

Using Ehrenfest’s theorem, it is easy to obtain from (1)
the classical limit of the equations of motion for the macro-

scopic collective variables R and P:
I.{2VP(I-Irel-*_<t|f/im|t>), (2)
P=— V(Hoa+ (1| Vialt)), 3)

where the average (¢|...|t) is over the internal variables at
the time ¢. It can be seen that the classical motion of the
nuclei depends additionally on the time-dependent noncon-
servative coupling potential (¢|V,,|t), for the calculation of
which it is necessary to consider the equation of motion for
the single-particle density matrix.

A single-particle basis is constructed from the asymp-
totic wave vectors of the single-particle states of the nonin-
teracting nuclei—the incident (projectile) ion “P”, |P), and
the target nucleus “7”, |T), in the form

!P>=|P>—%§ |TX(T|P),

|'D=|T>—%§ |P)(P|T).

For this basis set, the orthogonality condition is satisfied
up to terms of second order in the overlap integral (P|T).>

It is convenient to take the single-particle Hamiltonian
# of the dinuclear system in the form

2

A
HR()=2 | 5. A+ Up(r;=R(1))+ Ur(ry) |,
i=1

4)

where m is the nucleon mass, and A=Ap+Ar is the total
atomic mass of the system. The mean single-particle poten-
tials of the projectile, Up, and of the target nucleus, Uy,
include both nuclear and Coulomb fields. In the second-
quantization representation, the Hamiltonian (4) can be writ-
ten in the form
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FAR() =Hp(R(D) + Vin(R(2)),

FR(1))=2 8(R(1)a;a;=2, &p(R(1))apap

i p

+, 57(R(1))ajar,
T

Vi R(0))= 2 Vir(R(0))ajap= 2 Xopr

i#i' P+p'

X(R(1)apap+ 2 xor(R(t))afar
T#T'

+, gpr(R(1))(apar+hc.). (5)
T.P

where, up to quantities of second order in the overlap inte-
gral (P|T),

Ep(R(1))=ep+(P|Ur(r)|P),
Er(R(1))=er+(T|Up(r—R(1))|T),

Xop (R(£))=(P|U7(R)|P"),

X (R(8))=(T|Up(r=R(t)|T"),

grr(R(1))= XP|Up(r—R(1))+Ur(r)|T). (6)

In the expression (6), &p(r) are the energies of the unper-
turbed single-particle states, which are characterized by the
set of  quantum numbers P=(np,jp,lp,mp)
[T=(ny,jr,lr,m7)]. The diagonal matrix elements
(P|U|P) and (T|Up|T) characterize the shifts of the ener-
gies of the single-particle levels due to the interactlon of the
nuclei. The nondiagonal matrix elements XE:T;Zr and XTT' cor-
respond to particle—hole transitions between levels in one of
the nuclei under the influence of the mean field of the partner
nucleus. In their turn, the gp; determine transitions of the
nucleons from nucleus to nucleus because of the action of
the mean field of the dinuclear system. The contributions to
the matrix elements from noninertial effects are not taken
into account, since they are small.’! Information about the
evolution of the system can be obtained by solving the equa-
tion of motion for the single-particle density matrix. If one is
only interested in the charge (mass) distribution of the prod-
ucts of the deep inelastic heavy-ion collisions, it is possible
to use directly the kinetic equation for the probability of
finding the system in a definite state.

2. DISTRIBUTION OF EXCITATION ENERGY
BETWEEN THE REACTION PRODUCTS

Dissipation of the kinetic energy

The large loss of kinetic energy in deep inelastic heavy-
ion collisions is one of the characteristic features of this type
of nuclear reaction.® It was originally assumed that the ki-
netic energy of the relative motion, which is transformed into
energy of internal excitation, is distributed between the frag-
ments in proportion to their masses (thermodynamic equilib-
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rium). However, it was shown later in a number of experi-
ments that this assumption is not correct. In some reactions,
the excitation energy is distributed approximately equally be-
tween the products of binary reactions.”?%!% In other
reactions,?’~* the distribution of the excitation energy is in-
termediate between an equal distribution and one propor-
tional to the masses of the nuclei. In the reactions with
2Cr+2®Pb (Ref. 34), 28U +'*Sn, 1°Pd (Ref. 35) most of
the excitation energy is concentrated in the light product at
relatively large losses of the kinetic energy. These new ex-
perimental data stimulated a growth of interest in the prob-
lem of kinetic-energy dissipation, since knowledge of the
distribution of the excitation energy between the fragments is
needed to recover the initial yield of the reaction products
from the measured yields of evaporated remnants.

Calculation of the friction forces requires the formula-
tion of a microscopic model that treats explicitly the cou-
pling of the relative motion to the internal motion (Refs.
86—95 and 110-112). The models differ in the internal exci-
tations that are considered. They may be collective surface
vibrations, giant resonances, incoherent particle—hole excita-
tions corresponding to inelastic excitations of the interacting
nuclei, or transitions of nucleons from nucleus to nucleus. It
is clear that the structure of the excited states of the nuclei
and the strength of the coupling of the various excitation
modes to the relative motion will influence the energy distri-
bution between the fragments.

The equation of motion for the single-particle density
matrix n(t),

it L—[ FR(2)),A(1)], )

has, in the matrix representation, the form

d ,()
it g = 2 Va(ROIm) = ni ViR,
®)
X dntk()
ih ——— dt tk(R(t))ntk(t)+sz(R(t))
X[n(t)=ni(8)], ©
where we have used the notation @;,=[g;— &)/,

ny(t)=(t|la; ayt), n;(t)=n;(t)={(t|a; a;|t). In the expres-
sion (9) we can make the simplification (random-phase ap-
proximation)

2 Vil RO (8) = 2 Vi (R(2))nio(2)
k i’

~Vi(R(8))[ne(t) —n;(2)]. (10)

Then, substituting the solution
1 t
n,-k(t)=7f dz’V,.k(R(t’))exp[if ”d)k,(R(t”))]
i 1

X[n(t')—ni(t")] (11

of (9) in the expression (8), we obtain for the dynamical
occupation numbers 7n;(¢) the equation

Adamyan et al. 588



dn; (t)

-3 [lar0unnime-nen 1)
k to
where

2
Qi(1,6")= 37 Re[ Vi(R(2))Vii(R(2"))

i f ' "«bk.(R(t"»”

Equation (12) resembles in its structure a master equa-
tion, but, in contrast to such an equation, it takes into account
“memory” effects by virtue of its integral nature. The pro-
cess of intense excitation of the nuclei affects a large number
of single-particle states, and the occupation numbers n;(t)
corresponding to them change very slowly with the time. In
addition, the kernel of the integro-differential equation (12)
has a sharp maximum at ¢’ =¢. Therefore, Eq. (12) can be
written in the form

dn; (t) _2

X exp

wir(t,to) (ni(t) —ny(t)), (13)
where
wi(t,tg)= ftdf,ﬂik(t,t')~

The “master”
iteration:

equation (13) can be solved by successive
ni(t+ At =n(t)+ 2 Wy(R(0),An)[n (1) —ni(1)],
k

sinz(ﬂ @ -(R(t)))
2 ki

Wi(R(2),A) =V (R(2))|? . (14)

[5 «bk,-(R(t))J

The occupation numbers at the initial time are taken to be
equal to unity for occupied states and zero for free states.

Equation (13) describes an irreversible evolution of the
system. Indeed, with allowance for Eq. (13) and the defini-

tion of the entropy S(#) of the nonequilibrium system in
terms of the occupation numbers,

S(t)=—k2 [n(0)n ny(t)+a,)ln 6],

ni(t)=1-n1), (15)
(k is Boltzmann’s constant), we find that the time derivative
as(t) k -
=3 Ek wi(t,10) (n(1)7(1)
B ni(t)n(t)
_"k(t)ni(t))ln[m} (16)

of the entropy is non-negative, i.e., the entropy increases
with the time, or is equal to zero in the equilibrium state.
This proves the irreversibility of Eqs. (12) and (13), which
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arises because of the loss of information about the process
resulting from the assumptions that it is a Markov process
and that V and 7 are random [see (10)].

In the process of the reaction, there is, simultaneously
with the general heating of the nucleus, relaxation of the
system to a statistically equilibrium state. However, the
steady solution of Egs. (12) and (13) does not give in the
asymptotic limit (t—) for fixed R the Fermi thermal occu-
pation numbers, since we have not taken into account from
the beginning the residual interaction between the nucleons.
Allowance for them in the Hamiltonian (1) leads to the ap-
pearance, on the right-hand side of Egs. (12) and (13), of the
well-known two-particle collision term,'">''* in addition to
the single-particle term:

> 'dt'ngjz,(t,t')[ﬁ,-(t')ﬁj(t')nk(z')n,(t')

jki J1to

—n(t)ni(t")n, (¢t )n;(¢')],

1
F()= 21 Re{ 1o (R(1)) VIS (R(1'))

i f:,dt"w,kj,-(k(r")>”,

where @y ;;=[&,+&—&;—&]/h, and V7, is the matrix ele-
ment of the residual interaction. The indices range over all
the single-particle states of the projectile P and the target
nucleus T.

It is then possible to calculate the time derivative of the
entropy with allowance for the two-particle collision term:

X exp

das(t) &k Nk
a2 [122 wi(t,10) (nifg—nyn; )IH[I
+1> wiik(t,to)[nnin,
ijkl
o 0 Ay -
”""knl]ﬂﬁﬁnknl (17)

where we have used the notation n;=n,(t), i;—n,(t), and

t
Wit = [ e Q50
0

It is known that the steady solution of Eq. (17) corresponds
to an equilibrium distribution with temperature-dependent
occupation numbers of Fermi type and that the Fermi ener-
gies and the temperatures of the nuclei are equal to each
other:spP= sFT,TP= Tr.

Explicit allowance for the residual interaction requires
extensive calculations. It is therefore customary to take into
account the two-particle collision integral in linearized form
(7 approximation)."">''® Then the equation for the single-
particle density matrix n takes the form

ih aﬁ( )

=[H.a(t )]— - {n(t) A(R(1))}, (7
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where 7 is the time parameter of the relaxation, and
n“Y(R(#)) is the local quasiequilibrium distribution, i.e., the
equilibrium distribution for a fixed value of the collective
coordinate R.

As for the expressions (8), (9), (11), and (12), we obtain
the equations

dn(t) . .
ih = 2 VR0 = ViR (1)

ifi N
~ — L) = AR, ®)

dn;(t
Z nlk( )_

N
=1 Du(R(0) = i)+ Vig(R())

X[n(e)—ni(8)], 9"

ar(R(2"))

~ 1 ! [ "
n,»k(t)=gJ;dt’V,-k(R(t’))exp[zft,dt
0

(11)

2i -, -,
+7 }[”k(t )—ni(t")],

dn;(z) B P , t'—t
dt —g J;odt Qik(t,t )exp(-T/—z)

1
X[ae(t')=nge")] = — [A6) = A7 (R(2)].

(127)
The formal solution of Eq. (12') has the form
- Lo—t\ | _
n;(t)=exp 5 ni(ty)
g ! t'—t
+ dt'f dr"Q (¢ ,t")exp| ——
% J't() o lk( ) p( 7/2)
~ _ 1
X[nk(t")—"i(t")]+;
t t'—1t
+j dt’nf’q(R(t’))exp( )] (18)
to T

It is convenient to solve Eq. (18) iteratively, dividing the
time interval (¢—¢,) into subintervals: ¢, 1o+ At, t,+2A¢,
etc. Then for times Az<<7, Eq. (18) can be written approxi-

mately as
1 —At
exp| ——

n(t)=n(t—A)+ X, Wy (R(),Af)[7(t— Atf)
k

ni(t)=n;Y(R(z))

—At
+n,-<r)exp(7),

—n;(t—At)], (19)

where W, is defined in (14). The dynamical, n,(t), and qua-
siequilibrium (thermal), 71{*(R(¢)), occupation numbers are
calculated in each iterative step A¢z. The parameters of the
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Fermi distribution for the proton and neutron subsystems of
each of the nuclei are determined by the conservation laws
for the energy and nucleon numbers of each type.

The relative contributions of the single- and two-particle
components are determined by the value of the relaxation
time 7, which is the only parameter of our model.

Knowing the values of the occupation numbers 7,(t), we
can readily determine at any time ¢ the mean numbers of
protons, Zp(r,, and of neutrons, Npr,, and their variances
0% or o for each of the nuclei, and we can also find the
fragment excitation energies E§ 7(t):

Zpp(t)= > npr(t), (20)
P(T)

N

Npy()= > npr) (), (21)
P(T)

Z(N)

o= 2 Ap(t)[1—7ip(t)], 22)

P

E} (D=2 [8pmn(R))— e (RO A py (1)
P(T)

—npr)(to)], (23)

where € Fp( FT)(R(t)) is the Fermi energy of the light, P, and
heavy, T, fragment. The upper indices Z and N of the sum
indicate summation over the proton and neutron single-
particle levels, respectively. In each iterative step, we must
separate the contribution to the fragment excitation energy
from the particle—hole excitations and from the exchange of
nucleons.

Transport coefficients

Substituting (11') in (3), we obtain the integro-
differential equation

d .
77 LH(R@))R(1)]=~VRU(R(1))

—2 Re X, VRViu(R(1)ig().
i*k

24

The second term on the right-hand side of (24) contains
effective forces, of both conservative and dissipative nature,
due to the coupling of the relative motion with the internal
motion. This term depends explicitly not only on the relative
separation R(¢) but also on the current time ¢, in contrast to
linear-response theory, in which the asymptotic values are
taken.5

In the adiabatic limit, when the characteristic time of the
collective motion is much greater than the relaxation time,
we can expand the function V;;(R(t')) in Eq. (24) near the
point ¢’ =¢:

Vie(R(1') =V (R(1)) + (£’ = )R(t) VeV (R(t))
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(t—)2
T2

(t'=1)? . )
+ — (R VR) Vi (R(8)) +... .

R(1)VRVi(R(1))

The first term of the expansion gives the dynamical correc-
tion VgSU(R(¢)) to the conservative force VRU(R(t)):

—VROU(R(1)) =2, Vi (R(£))VeVi(R(1)B (1,10
ik

X[n(t)—ny(6)],

where
u , (=" t'—t
( )(t ty)=+ f dt o exp( 72 )

X sin{ @ (R(1))[t—¢']}.

One can similarly write down the correction SU(R(¢)) to the
conservative potential U(R(z)) due to the particle—hole ex-
citations and the exchange of nucleons:

SUR(1)) =152 |Va(R()|PBL (1, 10) [ 7(1) — 7is(8)].
ik

Allowance for the second term leads to an irreversible
loss of kinetic energy of the relative motion, which is ex-
pended on internal excitation of the nuclei. The coefficients
of radial and tangential friction, respectively, can be written
in the form

(1)(t to)lnk(t)—ni(1)],

kr(R(1)= Z(R(t))z 2 L(L+1)|Vi(R®)BY
X (t,tg)(ni(t)—ny(t)),
where
L+l
VaR(D))= 2 VE(R(®)
L=|l—1

and V5 (R(?)) is the partial form factor for the given angular-
momentum transfer L .19
The third term gives the correction

Ap(R() =22 |VeVi(R(1))|2B3(1,10)
ik

X[a()=n(1)]

to the reduced mass u(R(?)).

One can calculate similarly the transport coefficients for
the other microscopic collective variables such as the mass
(charge) asymmetry and the deformation of the nuclei of the
dinuclear system.
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FIG. 1. a) Ratio Rp of the excitation energy (E}) of the fragment corre-
sponding to the projectile nucleus to the total excitation energy Eq
= E} + E7 of the system as a function of the total energy E, for the
%Fe(505 MeV)+!%Ho reaction. The triangles represent experimental re-
sults. The solid continuous curve is calculated in accordance with our
model, and the dotted curve is the limit of thermal equilibrium [E }/E o
= Ap/(Ap + Ap)]. b) Dependences of the calculated ratios R{™
= E}®ER™ + Ef*) (curve with long dashes) and RV
= E3®W/(EL® + EX®Y) (short dashes) for the same reaction.

Results of calculations

To demonstrate the possibilities of the model, we calcu-
lated the distribution of the excitation energy between the
products of deep inelastic heavy-ion collisions in the reac-
tions 2%U(1468 MeV)+'%Sn, 28U(1398 MeV)+11%Pd (Ref.
35), %Fe(505 MeV)+!%Ho (Refs. 27-29), 7*Ge(629
MeV)+'®Ho (Refs. 30-33), and *®Ni(880 MeV)+!"Au
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FIG. 2. The same as in Fig. 1 but for the "Ge(629 MeV)+'%Ho reaction.
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TABLE I. Calculated ratio of the excitation energy EPL = E5®0 + (b
associated with particle—hole excitations to the energy E, = E}(®
+ E*® due to nucleon exchange for various values of the angular momen-

tum J.

Reaction E, (MeV) J EPVES)
B8y +10pq 1398 57 0.70
238y 41248 1468 50 0.67
28 41248 1468 100 0.60
BNi+1Au 880 240 0.18
"Ge+1Ho 629 169 0.30
S6Fe+165Ho 505 175 0.31

(Ref. 26). We investigated the relative importance of nucleon
exchange and particle—hole excitations in the process of dis-
sipation of the kinetic energy of the relative motion. The
theoretical and experimental results for the ratio of the exci-
tation energy of the projectile nucleus to the total excitation
energy of the dinuclear system, Rp = E}/(E} + E7T), are
shown in Figs. 1a and 2a. For the 238y +124gn, 1% and
3Ni+!%’Au reactions the mean experimental values of the
considered ratios are approximately 0.4 and 0.5, respectively.
The results of the calculations, which agree qualitatively
with the experimental data, show that the kinetic energy is
distributed approximately equally between the fragments,
and not in proportion to their masses. The relative impor-
tances of nucleon exchange, RE¥=E 3 /(E3(™+E (o)
and particle—hole excitations, RY = Ej®/(E5®)
+E ;(ph)), in the distribution of the excitation energy in the
system are characterized by the results given in Figs. 1b, 2b,
3b, 4b, and 5b. Here, E 35 and E ;) are the contributions
to E;’i(T) from nucleon exchange and from particle—hole ex-
citations, respectively.

The theoretical results for the ratio of the excitation en-
ergy EPN = E3®Y + E(P asgociated with the particle—hole
excitations to the energy EX, = E5® + EF due to
nucleon exchange are given in Table I. It can be seen that in
the reactions with *®Ni, "*Ge, and 3Fe nucleon exchange
plays the main role in the dissipation of the kinetic energy. In
reactions with heavier nuclei, the importance of the particle—
hole mechanism increases. The mean values of the charge
(mass) distributions of the reaction products and their vari-
ances are shown in Figs. 6—12. The theoretical dependences
agree with the experimental data.

The trajectories of the relative motion of the colliding
nuclei were calculated as in Refs. 43 and 117. The single-
particle matrix elements )((T’;), , ng/ , and gpr were deter-
mined analytically in the approximation proposed in Refs. 77
and 102 (see the Appendix). The calculations showed that
variation of the single free parameter 7 from 5.107% s to
25.107% s does not have a significant influence on the dis-
tribution of the excitation energy between the fragments. All
the calculations were made for 7=15-10"%s.

The presented results show that the redistribution of the
excitation energy between the fragments takes place through-
out the interaction of the nuclei, and not only in the initial
stage of the reaction. Nucleon exchange, in particular neu-
tron exchange, is the main mechanism of dissipation of the
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FIG. 3. The same as in Fig. 1 but for the *®U(1398 MeV)+''°Pd reaction.

kinetic energy of the relative motion. For heavy systems, the
contribution to the excitation energy of the particle—hole ex-
citations becomes comparable to that of the exchange
mechanism. The influence of the shell structure of the two
interacting nuclei on the exchange of nucleons and on the
distribution of the excitation energy between the reaction
products is important.

3. INFLUENCE OF SHELL EFFECTS ON NUCLEON
TRANSFER IN DEEP INELASTIC HEAVY-ION
COLLISIONS

Kinetic approach to the description of deep inelastic
heavy-ion collisions

Many of the experimental results listed in the Introduc-
tion have not yet been explained in the framework of the
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FIG. 4. The same as in Fig. 1 but for the 2%U(1468 MeV)+'2Sn reaction.
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FIG. 5. The same as in Fig. 1 but for the **Ni(880 MeV)+'%’Au reaction.

existing models proposed for the description of the charge
and mass distributions of the products of deep inelastic
heavy-ion collisions. In our view, their interpretation requires
allowance for shell effects.

Shell effects are either completely absent in the existing
models of heavy-ion reactions or enter them only through the
nuclear binding energies. For example, in Norenberg’s
model,®*%* the matrix element of nucleon transition from
nucleus to nucleus is determined by means of a procedure of

alaaaaa

52 FTTTETTTTE FETTTTUTE FTU TR
0 50 100

Eioss (MeV)

150

FIG. 6. Centroids of the Z, and A p distributions as functions of E i for the
%Fe(505 MeV)+1%Ho reaction. The open circles show the pre-evaporation
experimental values. The results of calculations in accordance with the mod-
els of Refs. 68 and 69 and our model are shown by the dashed and solid
continuous curves, respectively.
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FIG. 7. Variances of the Z, and A p distributions as functions of E\ for the
Fe(505 MeV)+1%5Ho reaction. The meaning of the symbols in the same as
in Fig. 6.

averaging over all shell configurations and therefore does not
contain shell effects. It is only in the potential energy of the
dinuclear system that one can include the experimental bind-
ing energies of the nuclei, which, of course, include shell
effects. The shell effects occur explicitly in the calculations
of the transition matrix elements in the approach developed
in Refs. 96-102.

We investigate the reaction mechanism of many-nucleon
transfers, considering the dinuclear system after a large frac-
tion of the kinetic energy has been dissipated and assuming
that thermal equilibrium has been established. We shall de-

52 g g 56
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120

FIG. 8. The same as in Fig. 6 but for the *Fe(403 MeV)+1%Ho reaction.
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FIG. 9. The same as in Fig. 7 but for the °Fe(403 MeV)+'%*Ho reaction.

scribe the subsequent evolution of the system by means of
the Hamiltonian (5), ignoring the terms due to particle-hole
transitions in the nuclei. Then for the operator V,;, we have

Vine= 2 (gprarap+h.c),
P,T

which can be rewritten in the form

A

_ — +
Vie= 2 Vs V=2 gpraiap.
k#k'=1,2 P,T

The omitted nondiagonal matrix elements in (5) give rise to
transitions of nucleons between single-particle levels in one
nucleus. This leads to a certain smearing of the Fermi sur-
face. It is assumed that this effect can be taken into account
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E 7*Ge + "Ho
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55' P U
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FIG. 10. The same as in Fig. 6 but for the *Ge(629 MeV)+'5*Ho reaction.

594 Phys. Part. Nucl. 25 (6), November—December 1994

4 1 ]
s "Ge + "Ho o
E.,=629 MeV
N N
b. °
4t _ .
e _.--
b 9’/"
0,9’
IO/’
O AR
60 F 3
o 3
o 40F o -
20} ° T3
5 © e E
e __-- - 3
0 Tl aiaaaaaa. laasaaaas laiaas 3
(4] 50 100 150
Eioss (MeV)

FIG. 11. The same as in Fig. 7 but for the *Ge(629 MeV)+!%Ho reaction.

by introducing temperature-dependent occupation numbers
np(T) and ny(T). The temperature T is determined by the
excitation energy of the system.

At the considered collision energies, the use of the
single-particle approximation to describe the reactions is
fully justified. This approach presupposes that in the stage of
evolution of the system the nuclei retain their individuality,
since their overlap is relatively small.>

The dinuclear system is characterized by its total energy
E and charge asymmetry Z. We also consider additional
quantum numbers n, which distinguish the states of the di-
nuclear system for fixed values of E and Z. We denote by
P4(n,t) the probability of finding the system at the time ¢ in
the state with Z and n. The energy E of the system is given.
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FIG. 12. The same as in Fig. 6 but for the **Ni(880 MeV)+!°’Au reaction.
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We shall assume that the kinetic approach is valid for the
description of many-nucleon transfer reactions®"”"’? and that
Py(n,t) can be found by means of the equation

d
7 P2n.)= 2 N(Z.n|Z',n")[Pz(n',)=Py(n,1)],
VARY
(25)

where N(Z,n|Z',n") is the microscopic transition probability
[N(Z,n|Z',n")=N(Z',n'|Z,n)].

The following treatment can be done in two ways. The
first is associated with the introduction of a transition prob-
ability N(Z|Z') averaged over the set of transitions between
the states n and n' of macroscopic cells®® characterized by
the values of the charge asymmetry Z and Z' and of the total
energy in the interval from E to E+AE:

M(Z|Z')=N,"(E,E+AE)N, (E,E+AE)

x X >

neZ,E,E+AE n' eZ';E.E+AE

N(Z,n|Z',n"),

(26)

where N;(E,E+AE)=p,(E)AE is the number of states in
the macroscopic cell, and p;(E) is the density of states. This
leads to the results formulated in Refs. 62 and 63.

The second way is associated with direct consideration
of Eq. (25) without the introduction of averaged transition
probabilities (26). This is possible by virtue of the relatively
simple form of the Hamiltonian (5). As we shall see, such a
treatment leads to the result obtained in Refs. 99 and 101 by
a different method. The resulting expressions will serve as
the basis for our further analysis.

We first consider the calculation of A(Z|Z’). The micro-
scopic transition probabilities can be expressed as follows in
terms of the Hamiltonian (5):

<Z,n

i t+Ar
Xexp| — & H(r)dT

1
)\(Z,n|Z’,n')=Kt- T

2

>

Z’,n'>
(27

where |Z,n) is the state vector of the system. The character-
istic time At must exceed the relaxation time of the mean
field of the nucleus (10”2 s) but must be less than 27#/AE,
where AE is the energy spread of the states belonging to one
macroscopic cell. Under the assumption that Vim is small
compared with H in» WE obtain

At
2%

(EZ—EZ%)Y/4

sin’— (EZ—E%))

1 .
N(Z,n|Z',n")= A7 (Z,n|VinlZ',n")|?

27T -~ - ’
= = !(Z1anile,7n,)lza(ZWﬁ/A‘)(Ef_Ei’)7

(28)

where the EZ are determined by the equation
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flinlzan>=Eﬂzvn>'

The function §2™/AN(EZ — Ef: ) is a macroscopic & func-
tion. It is effectively equal to zero if n and n' belong to
different macroscopic cells and is finite if » and n’ belong to
the same cell. We substitute (28) in (26):

2T .
TNleZ,‘E 2 (Zn|Vig|Z'n')

n,n' k#k'

NZ|Z')=

X(Z',n' |V |Z,n) S(EE—EZ)

27 . - 4
= ‘h—NZ 1NZ’1 2 2 (Zaankk'g(Hin
k#k' n,n'

—E5)|Z' 0" 2" 0|V} |Z,n)

2 _ _ A
== Nz'N' 2 2 2 (Zn| Vi 8(H,

k#k' n Z"\
—E5)|Z" \Z" NV | Z,n). (29)

In the last expression, the index N\ ranges over all macro-
scopic cells. The transition from a summation over n’ to a
summation over Z" has become possible, first, because for
fixed values of the indices k and k' only the one term with

"=Z7' contributes to the sum over Z” and, second, because
the summation over n’ can be extended to all macroscopic
cells by virtue of the presence of the & function 8H,,—E%).

Using the completeness condition

> 12" AN Z" =1,

Z" A

we obtain

27 S
NZ|z")= 2 NZ'Nz' 2 2 AZn| Vi 8(Hi,
k#k' n

—EHV,,.|Z,n). (30)

By means of the technique developed in Ref. 118, we ob-
tained for the expression on the right-hand side of (30) the
result®

2 (Zn|Vig 8(Hi= EL) Vi |Z,n) = popz(E)

X{Vigr Vigr)- (1)

Here uq is of order unity. The averaging in (ka,V,:rk,) in-
cludes all shell configurations with given charge asymmetry
Z.

Similarly, for the intermediate state in (29) we can use
|Z,n). Then after symmetrization the expression (30) takes
the form

A(Z|Z’)*g£ ! ! RN
h (AE)? Vpz(E)pz:(E) k#k'< wVipr)

(32
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The averaged matrix element (ka,V,:rk,) does not contain
any traces of shell structure. Shell effects can enter (32) only
through the experimental binding energies of the nuclei, on
which the density of states p, of the system depends. The
expression (32) is analogous to the expression for Az;’, in
Ref. 62, in which a phenomenological approach was used:

Ao
ANppr=——.
2 ps(E)pz (E)

The value of Ay was determined by the geometrical size of
the dinuclear system.

We now return to Egs. (25) and (28). For the configura-
tions n and n’, we can take states with fixed numbers of
particles and holes. It follows from the smgle particle nature
of the interaction Vlm that N(Z,n|Z’,n’) is nonzero only if
the states n and n' differ by one particle—hole pair. The
energy difference of the configuration in this case reduces to
the difference of the single-particle energies. It follows from
(28) that Z' =Z*1. Substituting the expression for V,, in
(28), we obtain

MZ,n|Z+1,n )— — 2 |lgpr)?nZt

X(1— nZ+1 " )n%’"(l —nf,’")s(sf,—si),

)\(Z,n|Z—1,n’)— E |lgprl*nt” L’
PT

X (1=nZ 1" Va1 —nZ") 8(e5— 7).
(33)

In (33), np and n; are equal to zero or unity. Since the
Hamiltonian is a single-particle operator, for fixed n’ we
have

Zn B(1—nk1)=1. (34)

We represent P,(n’,t) in the form
)=Pz(t)Dz(n'),

where 2, ®,(n')=1. Here, ®,(n') is the probability of
finding the system for given charge asymmetry Z in the state
n'. Such a representation corresponds to the assumption that
the time required for establishment of an equilibrium distri-
bution between the states belonging to one macroscopic cell
is much shorter than the time of transition from one macro-
scopic cell to another. This assumption is always valid in
transport theories, as we said in the Introduction.
We consider the sum

Py(n'

2 nEr (1=nfh)Py(n’). (35)
nl
In this expression, the product nf;’”Tl 1- n%}',’) is averaged
over all shell configurations belonging to the same macro-
scopic cell with given excitation energy. We assume that the
sum (35) can be expressed by means of the thermal (Fermi)
occupation numbers
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En " (1—n (1)),

(35a)

1) Dy (n')=NE (T)(1—n&

where the temperature T is related to the excitation energy
that characterizes the macroscopic cell. Substituting the rela-
tions (33-35) in (25), we obtain
Py(t)=AL) P41 (D + A5 P,y () - (A
+AZ)P(1), (36)

where

1
A£+)=E 2 |gPT(R)|2n§'(T)
P,T

Ar
nz(ﬁ[si—eg)

(4-85%4

X(1=n(T))
SERS > lgpr(R)|2n%(T)
At i 8pT P

At
sinz(ﬁ [e5—&2 )

("Z ~T)2/4

X(1—n%(T)) 37)

The single-particle spectrum and the degeneracies of the lev-
els occur directly in the calculations of the transition prob-
abilities AY™). Thus, the AS™) reflect the influence of the shell
effects on the evolution of the system. In contrast to (32), the
expression (37) does not contain explicitly the total densities
of states of the system for given charge asymmetry and total
energy. They appeared in (32) as a result of configuration
averaging of the transition matrix element. Because of the
configuration averaging, (32) also has no dependence of the
matrix elements of the interaction Hamiltonian on the quan-
tum numbers of the single-particle states. Of course, the den-
sities of the single-particle states are actually included in the
calculations in accordance with the expressions (37) through
the details of the shell structure.

Allowance for the mutual influence of the mean fields of
the nuclei in (5) leads to a change of the difference of the
single-particle energies!®!%! in (37):

.. (Zr—2Zp)e?

epmerEp—Er=ep—ert ——p——,

where Zp r are the charges of the nuclei of the dinuclear
system. Because of its long-range nature, the Coulomb inter-
action makes the main contribution to the shift in the ener-
gies of the proton single-particle levels. In highly asymmet-
ric configurations, the proton levels in the light fragment are
appreciably shifted upward in energy relative to the single-
particle levels of the heavy fragment, i.e., the Fermi surface
of the light fragment is higher than in the heavy one. This
fact is indirectly confirmed in experiments on transfer reac-
tions. When the projectile ion is much lighter than the target
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nucleus, the measured cross sections for proton stripping
from the light nucleus are much greater than the cross sec-
tions for neutron stripping.5

Results of calculations of charge distributions

We calculated the charge distributions of the products of
the *°Cr(378 MeV)+"®'Ta, *'V(447 MeV)+"’Au, and
0Ne(175 MeV)+!7Au reactions. In the calculation of the
transition probabilities (37), we used realistic single-particle
level schemes. The scale of the single-particle energies was
fixed in such a way that the energy of the last occupied level
corresponded to the experimental nucleon separation
energy.!’® To simplify the numerical calculations, the matrix
elements gpr were parametrized>®>%* as follows:

_ |ép— &1l ljp=ixl 5
8prr=80 €Xp -T exp A—] m pm >
(38)
where A=8-10 MeV, Aj=6—9, and

Z(r) 1/2 1 pZ(l‘_) 1/2
g0=fdr(p;P ) E(Uf,(r)+U§(r))( ;T ) .

Here, p5 and p% are the proton densities of the nuclei used to
parametrize the radial wave functions. The value of At was
taken to be 10™%* s,

The results of the calculation of the transition probabili-
ties Agt) for the *?Cr+'®!Ta reaction are given in Fig. 13 for
two values of the temperature, 7=0.5 MeV and T=2.0 MeV,
corresponding to a larger and smaller impact parameter for
given energy of the projectile. The oscillatory nature of the
dependence of AY™) on Z reflects the influence of the shell
structure. The probabilities AS™) have local minima at Z=2
and 8, corresponding to magic nuclei. The absence of local
minima of AS™) for the other magic numbers may be due to
the structure of the conjugate fragments and the influence of
the neutron system. The stability of a system with charge
asymmetry Z' is determined not only by the local minima of
AG®) but also by the condition AS)>A$") for Z<Z' and
AP <AS) for Z>2Z'. Such a condition is satisfied for
Z'=40 (the conjugate fragment has N=82) and around
Z'=48 (the system is close to a symmetric configuration and
to Z=50).

With increasing temperature of the system, the influence
of the shell effects on the process of nucleon transfer de-
creases. This is reflected in a certain decrease with increasing
temperature of the oscillations of AS™) with varying Z (Fig.
13). The transition probabilities AG™) depend on the tempera-
ture only through the Fermi occupation numbers (37). As an
example, we analyze the T dependence of (A7) —A§D)):

sAf = Afh =2 Fer(nf(T)(1-n¥(T))
P,T

—nf TN (T (1=-nfTH(T))), (39)

where F p7 denotes the product of quantities that do not de-
pend on the temperature. In (39) we have ignored the change
of the single-particle energies on the transition Z—Z+1.
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FIG. 13. Transition probabilities AS™) for the >2Cr+ !®!Ta reaction calculated
for two temperatures. The upper part of the figure is for 7=0.5 MeV and the
lower part is for T=2.0 MeV. The solid continuous curve is for A5, and the
dashed curve is for AGH).

In the case of highly asymmetric configurations, the
separation between the single-particle levels in the light frag-
ment is greater than the temperature T in the considered
region of excitation energies, i.c., the deviation of n%(T)
from 1 or O is small, and the shell effects are manifested
more clearly. For nearly symmetric configurations, the
change in the fragment Fermi energies Ag Fp,Fy O the tran-
sition Z—Z +1 is less than T, and therefore the expression
in the brackets in (39) can be written approximately as

1
W (1= n8)=nE* (1= nF )~ - nE(1nDnFAer,

—(1-nf)Aep,].

In the sum (39) the main contribution is made by the terms
with n(T)~n%(T), i.e.,
AE Fr

T

AL —AT~ (40)
It can be concluded from (40) that the weakening of the
influence of the shell structure on the process of nucleon
transfer with increasing T takes place more slowly than the
exponential decrease of the shell correction to the binding
energy of the nuclei.'?® Similar conclusions follow from con-
sideration of the difference (A7) —ASY)).

The results of the calculations of P, for the >*Cr(379
MeV)+81Ta reaction corresponding to different interaction
times and temperatures are given in Figs. 14 and 15. In Fig.
14, the calculated dependence of P, was obtained for inter-
action time ;,=10"%! s and T=1.5 MeV. In this case, the
comparison is made with the experimental data on o of Ref.
17, which are characteristic of the products of deep inelastic
transfers. It can be seen from Fig. 14 that inclusion of the
Coulomb interaction improves the agreement between the
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FIG. 14. Charge distribution of the products of deep inelastic transfers for
the S2Cr(378 MeV)+'3'Ta reaction. The results of the calculation of P, for
;=102 s and T=1.5 MeV with and without allowance for the Coulomb
interaction are shown by the solid continuous and dashed curves, respec-
tively. The black circles are the experimental values of the cross sections o
from Ref. 17.

theoretical results and the experimental data. It can also be
seen that the Coulomb interaction increases the probability
of formation of light nuclei. The large difference between the
theoretical and experimental results for Z <8 is probably due
to the higher probability of decay of the dinuclear system in
the case of large charge asymmetry for dynamical reasons.
The experimental data on the multiplicity of y rays'*! show
that for Z=<8 collisions with /<</_; make an important con-
tribution to the product production cross section, i.c., there
exists an additional mechanism of production of light prod-
ucts that is not taken into account in our calculations.

In the same reaction, measurements were also made of
the charge distributions of the products, which are character-
ized by an angular distribution that is symmetric in the
center-of-mass system. These experimental data'’ are com-
pared in Fig. 15 with the theoretical results obtained for an
interaction time #;,,=5-10"2' s, which is longer than in Fig.
14, and T=2.0 MeV, corresponding to collisions with [

oz (rel. units)

L N N L 1

16 24 32 13 I 4

FIG. 15. Charge distribution of products having an angular distribution
symmetric in the center-of-mass system for the **Cr(378 MeV)+'8!Ta reac-
tion. The solid continuous curve is the calculated value of P, for
t;x=5-10"% s and T=2.0 MeV. The dashed curve shows P, obtained in
accordance with the model of Ref. 62. The black circles give the experimen-
tal values of the cross sections o, from Ref. 17.
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FIG. 16. Charge distribution P, of products of the 5'V(447 MeV)+1’Au
reaction calculated for t,,=1072! 5, T=2.0 MeV with allowance (solid con-
tinuous curve) and without allowance (dashed curve) for N/Z equilibrium.
The experimental values of the cross sections o, from Ref. 122 are shown

by the black circles.

~ le=0 (the maximum angular momentum at which fusion is
still possible). It can be seen that there is qualitative agree-
ment between the theoretical and experimental results. For
comparison, Fig. 15 also shows the results of our calculation
in the liquid-drop approximation.®” It can be seen that by
taking into account shell effects it is possible to explain the
cross sections for production of light nuclei. The results pre-
sented above were obtained under the assumption that N/Z
equilibrium in the system is established before the com-
mencement of nucleon exchange.

The theoretical results together with the experimental
data for the > 1V(447 MeV)+197Au reaction are shown in Fig.
16. The experimental charge distribution'?? is integrated over
the angles in the center-of-mass system and over the final
kinetic energy (20°<6_,<90°, 100<E =340 MeV). There-
fore, quasielastic processes are taken into account in the ex-
perimental cross sections o for Z=23. This is probably the
reason for the discrepancy between the theoretical and ex-
perimental data near Z=23. The broad plateau of the charge
distribution for large Z evidently corresponds to quasifission
processes.

In Fig. 16 we give for comparison the theoretical charge
distribution obtained without allowance for establishment of
N/Z equilibrium, i.c., the N/Z ratio in the light fragment was
taken to be equal to the N/Z ratio in the projectile. We see
that there is a large difference between the theoretical and
experimental results at large Z. Therefore, the question of the
establishment of N/Z equilibrium is important for the theo-
retical analysis of the charge distribution of the reaction
products of many-nucleon transfers.

Satisfactory qualitative agreement was also obtained for
the charge distribution of the products of deep inelastic trans-
fers in the 2®Ne(175 MeV)+'"’Au reaction.!? The results
given in Fig. 17 were obtained for #,,=1072! s and T=1.0
MeV.

The theoretical results reproduce fairly well the structure
of the charge distributions. For large values of the charge
asymmetry, the difference between the energy shifts of the
single-particle states of the light and heavy fragments due to
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FIG. 17. Charge distribution of products of deep inelastic transfers for the
Ne(175 MeV)+'7Au reaction. The solid continuous curve gives the cal-
culation of P, for t;,=10"2' s, T=1.0 MeV. The black circles give the
experimental values of the cross sections o, from Ref. 123.

the Coulomb interaction reaches the greatest value. This
leads to a significant enhancement in the yields of light nu-
clei. The results of the calculations of the charge distribu-
tions were found to be sensitive to the isotopic composition
of the interacting fragments, and therefore the problem of the
establishment of N/Z equilibrium in the system is important
for study of many-nucleon transfer reactions.

Microscopic treatment of proton and neutron
transfers in deep inelastic heavy-ion collisions

Strictly speaking, the treatment of nucleon transfer in the
microscopic approach requires consideration of transfers of
both protons and neutrons, since shell effects (closed shells,
the appearance near the Fermi surface of a level with high
degeneracy) are manifested in the transfers of both protons
and neutrons. This makes the results of a calculation sensi-
tive to the assumption of the establishment of N/Z equilib-
rium in the system.’>%6~1%! In the previous subsection, the
number of neutrons in the light fragments was specified us-
ing the condition of their B stability and the establishment of
N/Z equilibrium in the system, i.e., it was assumed that on
the transfer of one proton the corresponding number of neu-
trons is transferred practically instantaneously. This assump-
tion was a limitation of the theory and made it impossible to
take into account shell effects associated with neutrons.

The interest in a microscopic treatment of proton and
neutron transfers is also due to the problem of describing the
establishment of N/Z equilibrium between colliding nuclei.”
Study of the charge and mass distributions in reactions with
light nuclei such as *°Ar+4>*¥Ca and “°Ar+°°Ti (Ref. 124)
showed that even at small kinetic-energy losses, i.e., for
short interaction times, the N/Z ratio for the reaction prod-
ucts is equal to the N/Z ratio for the compound system. In
this case, exchange of a pair of nucleons already leads to the
attainment of N/Z equilibrium. For heavy interacting nuclei,
the process of establishment of N/Z equilibrium is more pro-
longed. It is possible that this process takes place through the
presence of either a collective isovector mode or independent
exchange of particles. In the latter case, the relaxation of the
N/Z ratio has a stochastic nature. Consideration of this pro-
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cess in the framework of the microscopic model makes it
possible to obtain arguments for or against this point of view.

The formulation of the microscopic method for describ-
ing the charge and mass distributions becomes particularly
topical in connection with the development of radioactive
beams and the planned production and investigation of ex-
otic nuclei. Calculations can help in choosing the initial com-
bination of colliding nuclei needed to obtain the maximum
yields of the isotopes of interest.

For the simultancous treatment of proton and neutron
transfers in the dinuclear system, the mean single-particle
potentials Up 7 in (5) include both the nuclear and the Cou-
lomb (for the protons) fields and can be represented in the
form'®

Npr—Zpr

U% 1(r)= Ug, (1)~ “4hAn. Vi(r)+Uc, (1),
Npr—Zpr

UIIY,T(P)=U0PYT(I‘)+ “4Anr Vi(r). (41)

)

Here Zp and Z; are the charges of the fragments, Np and N
are the numbers of neutrons in them, and Ap y=Zp 1+ Np 1
are the mass numbers. The second term in the expressions
(41) is the isovector correction (symmetry potential) for the
average nuclear potential, and Uc, 1s the Coulomb poten-
tial of the corresponding fragment. For the nuclear part of the
single-particle potential (41) we can, for example, use the
parametrization'%®

Npr—

+
Us, (0=

T V(r)

B Vo(1=¥(Npr—Zp 1)/Ap 1)
1+exp[(r—Ro, )/a] ~

(42)

where V,=53.3 MeV, y=0.63, a=0.63 fm, and ROPT

=1.24 . A” 3 fm. As in the calculations of the charge dis-
tributions, we shall not take into account the nondiagonal
matrix elements yppr and xy7r. It is assumed that their in-
fluence can be taken into account by the introduction of
temperature-dependent occupation numbers of the single-
particle levels.

As in the case of (36), we can obtain equations for the
probabilities P y(t) for finding the system at the time ¢ in a
state in which the light fragment has charge Z and neutron
number N:

Pyn(t)=A%] NPZ+1 N(E)+AGDNP,y n()
+AZN+1PZN+1+AZN Pzn-1(t)— (A( 2
+ARO+AD H AL P, (1) (43)

with transport coefficients

Lo
A(ZTICTO):E 2 |g%’T(R)|2n%‘,P(T)
P,T

Ar
HZ(E [Sf"sg])

&F-ena

X(1=n§ (T))
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AGE=1 S IRl (1)
- P,T

At
102 =N_ zN
sin (Zﬁ [ep—&7

(6p—&7)%/4

X(1—ny (1)) (44)

The values of the matrix elements and the single-particle
energies are determined in accordance with (6).

The symmetry forces together with the Coulomb inter-
action are responsible for the relative difference of the char-
acteristic times of proton and neutron transfer and the estab-
lishment of N/Z equilibrium in the system. The direction of
nucleon transfer will be determined by the relative positions
of the Fermi surfaces in the interacting nuclei.

Charge and mass distributions

On the basis of the proposed model, we investigated the
charge and mass distributions of the products of the follow-
ing reactions: 28y+40Ca (340 MeV), BU+%Cca (425
MeV), ""Au+*Ar (292 MeV), and '“Mo+*Ar (270
MeV). The first two of them are of interest for study of the
influence of the symmetry forces. In the 2*U+%Ca reaction,
the ratios N/Z in the colliding nuclei differ strongly, and
therefore there is a large surface gradient of the potential
energy. In contrast, in the **U+*Ca case the ratios N/Z are
already close to the equilibrium value for the compound sys-
tem, i.e., the system has a small surface gradient of the po-
tential energy near the initial point of evolution. The final
reaction is interesting because it has been observed to have a
large mass dispersion despite a small change in the mass
number of the light fragment.

To calculate the transport coefficients (44), we use real-
istic schemes of single-particle levels, and we parametrize
the matrix elements gpr in accordance with (38). We have
not calculated the cross sections for the yields of isotopes for
each partial wave but considered some average trajectory, the
most probable one for the given collision. The interaction
time can be determined as in Ref. 62. Because there is little
evaporation of protons from the reaction products, the inter-
action time was corrected using the experimental values of
the charge variances.

To illustrate the possibilities of the model for describing
the evolution of dinuclear systems, Fig. 18 shows the theo-
retical and experimental®® charge distributions of the prod-
ucts of the reactions 2*U+*Ca (340 MeV) and *¥U+*Ca
(425 MeV). The calculated curves were obtained for interac-
tion time 7;,=2-1072! s and T=1.5 MeV, this being charac-
teristic of deep inelastic transfer reactions. The theoretical
results agree qualitatively with the experimental ones. The
larger than calculated yield of light particles may be due to
the contribution of collisions with 1<<1_; and the increase in
the probability of decay of strongly asymmetric systems
(Refs. 17, 78, 106, and 127-129).

Figure 19 gives for these reactions the dependence on
the Kinetic-energy loss (E ) of the mean values of the mass,
(A), charge number, (Z), and neutron number, (N), of the
light fragment. The experimental data are well described by
the proposed model at small E, . At large E g, there is a
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FIG. 18. Charge distributions P, of products of the *%U+4Ca (340 MeV)
and P8U+%Ca (425 MeV) reactions calculated for tim=2~10_21 s and
T=1.5 MeV (dot—dash curves). The solid continuous curves show the ex-
perimental values of the cross sections g, from Refs. 8 and 9.

deviation of the calculated values from the experimental
ones. We note that the theoretical curves were obtained with-
out allowance for nucleon evaporation. In our view, inclusion
of this process would improve the agreement with experi-
ment, as in Refs. 8 and 9. However, the difference between
the calculated and experimental values of (Z) at large
E,—the difference reaches two units for *¥U+%Ca
reactions—cannot be explained solely by proton-evaporation
processes. The difference may be due'® to pre-equilibrium
effects in the first stage of the reaction, the contribution of
collective charge transfer through excitation of giant isovec-
tor resonances, and a-cluster transfer.*>%

As was shown in Sec. 2, the establishment of thermal
equilibrium in the dinuclear system does not occur instanta-
neously. The direction of the correction in the calculated de-
pendences due to the contribution of pre-equilibrium pro-
cesses can be determined in calculations made without the
assumption of the establishment of thermal equilibrium in
the system, for example, in the case of equality of the exci-
tation energies of the interacting nuclei. Such a calculation
was made for the 238U+*8Ca reaction (Fig. 19). The devia-
tion of these results from the ordinary dependences obtained
under the condition of complete thermal equilibrium in the
dinuclear system is most pronounced at large E | and leads
to better agreement with the experimental data.

To illustrate the role of the symmetry forces in the pro-
cesses of many-nucleon transfers, Fig. 19 (dashed curve)
shows the result of a calculation for the >%U+*Ca reaction
made without inclusion of the isovector part of the single-
particle potential. This reaction was chosen because of the
large difference of the N/Z ratios in the colliding nuclei. It
can be clearly seen that allowance for the symmetry forces
improves the agreement with the experimental data. The best
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agreement between the theory and experiment in the
238U+*Ca reaction for the values of (Z) can be achieved if
the isovector part gp is increased by a factor 2, but we did
not find a theoretical justification for this. It is possible that
agreement with the experimental data will be improved if
instead of the parametrization (38) for g we use the exact
expression (see the Appendix). However, this requires a large
volume of calculations.

Good agreement of the theoretical and experimental de-
pendences of the second moments of the Z, N, and A distri-
butions on E, was obtained for the *U+*Ca and
238 +8Ca reactions (Fig. 20).

Satisfactory agreement between the theoretical and ex-
perimental results is obtained when one considers the depen-
dences of o3/0% and (A)/(Z) on Eu for the 28U+40*Ca
reactions (Fig. 21). It can be seen that at small energy losses
the ratio o35/ is close to (A)/(Z), and, as is well known,’
this means that in the initial stage of the reaction proton
exchange is dominant. With increase of the interaction time
(increase of E,), the ratio o%/cj becomes close to
({(A)/(Z))?, and this also corresponds to a strong correlation
between the proton and neutron transfers. Analyzing the de-
pendences in Fig. 21, we may conclude that the establish-
ment of N/Z equilibrium is a monotonic continuous process.

It was established experimentallyl’5 that the cross sec-
tions for production of the isotopes of light products (Z=<8)
in deep inelastic reactions satisfy the Q.. systematics. The
apparent violation of the Q,, systematics at Z>8 is due to

Ll
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FIG. 19. Deviations of the mean values of the mass, (A), charge, (Z), and
neutron number, (N), from the initial values as functions of the energy loss
in the 28U +%*8Ca reactions. The experimental data of Refs. 8 and 9 are
shown by the black circles and triangles. The results of the calculation are
shown by the solid continuous curve (*®*U+%Ca) and dashed curve
(BP8U+%Ca), respectively. The results obtained without allowance for sym-
metry forces are shown by the dotted curves. The dot—dash curve shows the
results obtained without the assumption of thermal equilibrium.
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288 +40Ca(340 MeV)

238 +4°Ca (425 MeV)

FIG. 20. Mass (03) and charge (o%) variances, and variance (o%) of the
neutron number, shown as functions of the kinetic-energy loss for the
28y +448Ca reactions. The black circles show the experimental data of
Refs. 8 and 9, and the curves are the results of the calculations.

the influence of secondary nuclear processes—evaporation of
nucleons and « particles from the excited light fragment. To
justify the use of the Q,, systematics, static arguments,
which are manifestly not applicable in our model, are usually
employed.”® It is therefore not obvious in advance that our
results reproduce the experimentally observed Q,, systemat-
ics. Calculations of P,y (t;,,=3-10"%' s and T=1.5 MeV)
for the ’Au+*°Ar (292 MeV) reaction showed (Fig. 22)
that the ratio of isotope yields characteristic of the Q,, sys-
tematics with allowance for corrections for nonpairing of the

6,0
' °* . 8o
L
N'O‘ 2.0. . ..'n.... 2.0
—2%8U+4°Ca (340 MeV)+—238 +48Ca (425 MeV){0
A 241 qab_—_440 . qab=300 126
g 23] e {25
~ LR
i\( 22| e ® sa,, . {24
v o1l (eae® B Ll 2% Y B 23
o008, . . ., . .
0 20 40 60 80 100 1200 S0 100 150 200
Eioss (MeV) Ecss (MeV)

FIG. 21. Dependence of (A)/(Z) (lower part) and 03/a% (upper part) on the
kinetic-energy loss for the 238U +*%*8Ca reactions. The black circles are the
experimental data of Refs. 8 and 9. The results of the calculations are shown
by the curves.
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FIG. 22. Cross sections for production of isotopes as functions of (Q,,—d)
for the '’ Au+*°Ar (292 MeV) reaction. The dashed lines correspond to the
approximation of the experimental data of Ref. 1. The results of the calcu-
lation of Py are shown by the symbols (¢;,,=3-10"%' s). The numbers next
to the symbols are the mass numbers of the isotopes.

nucleons on their transfer from the donor to the acceptor
nucleus is reproduced by the model for Z=11 (except for
Mg and ***>Na) and Z<8. The dashed lines in Fig. 22
correspond to the experimental values. A possible reason for
the discrepancy between the calculated absolute yields of the
light particles and the experimental yields was noted in the
discussion of Fig. 18. In our view, the disagreement of the
calculations for the O, F, and Ne isotopes with the O g8 SYS-
tematics could be due to the fact that in our model we do not
consider cluster transfer, which may be important for these
nuclei. For example, for the isotopes 2*Mg and 2*~*’Ne the
a-particle separation energy is close to or even less than the
nucleon separation energy. Therefore, allowance for cluster
transfer could reduce the calculated yields of certain light
isotopes and improve the agreement with the Q,, systemat-
ics. In addition, cluster transfer will make an additional con-
tribution to the production of products with Z <8.

In accordance with the Q,, systematics, the cross sec-
tions for production of isotopes can be represented in the
form’

U“CXP[(Qgg— o+ AEC)/TO]’ (45)

where AE - is the change in the Coulomb energy of the sys-
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FIG. 23. Cross sections for production of Al and Be isotopes as functions of
(Qeg— d), calculated for two values of the temperature, T=1.0 and 2.0 MeV
(t;=3-10"%! 5) (crosses), for the "Au+%“Ar (292 MeV) reaction. The
numbers next to the symbols are the mass numbers of the isotopes. The
dashed lines are the results of approximation of the calculated data.

tem due to proton transfer, and & is the correction for the
nonpairing of the nucleons on their transfer. The parameter
T, differs from the ordinary thermodynamic temperature T,
i.e., the slope of the lines in the Q,, systematics character-
izes T only through the functional dependence of T and T.
Calculation of the Q,, systematics for Al and Be for 7=1.0
and 2.0 MeV and for the same interaction time (Fig. 23)
showed that the slope of the lines decreases with increasing
T, i.e., the dependence (45) is reproduced qualitatively. How-
ever, the slope changes by less than a factor 2, confirming the
inequivalence of T, and T.

As we have already noted, standard transport calcula-
tions that use only the potential-energy surface do not always
correctly describe the evolution of the dinuclear system. For
example, by means of these models it is not possible to ex-
plain the large dispersions of the mass distribution for a
small change of (A) for the “Mo+*Ar (270 MeV)
reaction.'*’® The fact is that the evolution of the system is
influenced not only by the relative positions of the Fermi
surfaces of the protons and neutrons in the interacting nuclei
but also by the details of the shell structure of the fragments
(the number of free and occupied levels near the Fermi sur-
face, the degree of their degeneracy, etc.). The first effect is
taken into account by the “driving” potential. However, the
others can be included in the treatment only on the basis of a
microscopic model. Our model, which takes into account
explicitly the effects of the shell structure for the protons and
neutrons, makes it possible to describe the experimental re-
sults well (Fig. 24).

Calculation of the yields of isotopes of heavy
products of incomplete-fusion reactions

As an application of the microscopic model of nucleon
transfer, we consider the method of calculating the yields of
neutron-rich nuclei in incomplete-fusion reactions.'*! As fol-
lows from the results of Sec. 2, the excitation energy of the
heavy reaction product may be low. Therefore, the number of
particles that evaporate from it is small. Such reactions have
been intensively studied'*>'3® in order to use them to obtain
neutron-rich actinides. The calculation of the cross sections
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light-fragment mass number for the '®Mo+*Ar (270 MeV) reaction. The
black circles show the experimental data of Ref. 78. The curve shows the
results of the calculation.

for the yields of different nuclei in the reaction consists of
two stages. In the first, the pre-evaporation distribution of the
reaction products is calculated. Then, using this distribution,
one calculates the yield of the evaporation particles and ob-
tains the final distribution of nuclei, which is compared with
the experimental data.

Solving Egs. (43), we can obtain the pre-evaporation dis-
tribution of the reaction products. The calculated cross sec-
tions for the production of isotopes are in agreement with the
Q,, systematics. Using the parametrization (45), it is easy to
determine T,, which characterizes the slope of the depen-
dence of P,y on a logarithmic scale for given Z. The results
of the calculation for the *0(97 MeV)+%*3Cm reaction are
shown in Fig. 25. By calculating the yields of the isotopes of
several nuclei and determining 7'y, one can then also find the
pre-evaporation yield of other nuclei.

Reactions in which a large number of nucleons of the
projectile nucleus is transferred to the target nucleus (Ap
+ Ar—Ap + Aj) are called incomplete-fusion reactions. In

10-1 T 2 T T T T T
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10 N 36 \255
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104 * ~Es \ ‘ 257 N
10 20 30 40 50
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FIG. 25. Calculated values of P,y as a function of Q,, for the 80(97
MeV)+>*Cm reaction (shown by the black symbols). The results of ap-
proximation in accordance with the expression (45) are shown by the dashed
lines.
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FIG. 26. Calculated cross sections for production of Fm isotopes (continu-
ous line). The experimental data of Ref. 137 are shown by the black circles.

accordance with the model of Ref. 134, the cross section for
channel i (A} and A} are given) of incomplete fusion has the
form

lmax

a(i)=m\2Y, (21+1)
1=0

P} expl(Qyy— 0+ AE()/T,]
' 2P} expl(Qpe— 6+ AE()/To)’
where Pi={1+exp[(1—l;,(i))/A]}"}, and T, is the penetra-
bility of the entrance potential barrier for the Ith partial

wave. The limiting angular momentum for the ith channel is
determined by

(46)

Lim(i) = la(Ar+(Ap—Ap)),

il
A P _A;a
where /i [A 7+ (Ap — Ap)] isthe critical angular momentum
in the channel [A 7 + (A p — A })]."*? The summation in (36) is
up to /., at which the nuclei in the collision can still reach
the region of attraction of the nucleus—nucleus potential. The
parameter A is usually taken to be a few units of %. At a
collision energy only slightly greater than the entrance po-
tential barrier, the dependence of the parameter T, on / can
be ignored.

The process of deexcitation of the heavy fragment was
considered in the framework of the statistical approach of
Refs. 135 and 136, which is based on the Monte Carlo
method. Since the reaction products have relatively large
spin, one can use the semiclassical approximation, in which
the spins of the evaporated particles are ignored and all the
angular momenta are regarded as classical vectors. The en-
ergy spectrum of the reaction products exhibits the presence
of both a deep inelastic and a quasielastic component. The
widths and relative contributions of these components are
parameters of the model. The evaporation model takes into
account the emission of photons, neutrons, protons, ’H, H,
3He, “He and fission. For realistic values of the parameters,
good agreement between the theoretical and experimental
cross sections for the yields of the Fm isotopes in the '30(97
MeV)+2*8Cm reaction was obtained (Fig. 26).1%7

Adamyan et al. 603



We conclude this section with a summary. We have in-
vestigated the transfer of protons and neutrons in deep in-
elastic heavy-ion collisions in the framework of a micro-
scopic model. The calculated reaction characteristics exhibit
good agreement with the experimental data. We have estab-
lished that the isospin dependence of the single-particle po-
tential is important for the description of the experimental
data. The calculated cross sections for production of isotopes
of light elements were found to be in agreement with the Q .,
systematics. It was noted that the excess of the experimental
over the calculated yield of light particles could be due to the
increase in the probability of decay of highly asymmetric
systems for dynamical reasons.

4. MICROSCOPIC “DRIVING” POTENTIAL

Connection between the driving potential and the
transport coefficients

For the description of the evolution of dinuclear systems,
wide use is made of transport models, in which the change in
the probability P,(¢) for finding the dinuclear system at the
time ¢ in a state with charge asymmetry Z can be described
by the master equation (36). The transport coefficients AS™
characterize the probability of transitions of a proton from
the heavy nucleus to the light one (AS")) and vice versa
(A?)). The neutron transfer is described similarly (see Sec.
3). The right-hand side of Eq. (36) takes into account only
the transitions Z—=Z+1 and Z2Z-1, as in the
independent-particle model. In Sec. 3, the transport coeffi-
cients were obtained in the framework of the microscopic
model of deep inelastic heavy-ion collisions of Refs. 52 and
96-101.

The time independence of the transport coefficients of
Eq. (36) and the form of the coefficient of P,(¢) guarantee
the existence of a steady solution of the master equation.
Equating the left-hand side of (36) to zero, we obtain the
time-independent conditions

+ — A()
AGD\P7 =AF Py,

4
A(ZTF)IPZ+1:A(Z+)PZ' ( 7)
Both expressions in (47) are equivalent to the relation
Proy_ A" 48)
Py A(Z_Jr)l .

As t—, the probability P,(t) tends to its steady limit,
which is proportional to the level density. For fixed total
energy of the dinuclear system, the level density p, is pro-
portional to exp{— U(Z)/T}.** Here, U(Z) is the ground-
state energy of the dinuclear system with charge asymmetry
Z. The thermodynamic temperature 7' can be expressed in
terms of the excitation energy E} of the system in the frame-
work of the Fermi-gas approximation: T = (Ej/a)'/?,
where a=(Ap+A;)/8 MeV, in which Ap and A are the
mass numbers of the light and heavy fragments, respectively.
The excitation energy E; depends on the kinetic energy and
on the collision orbital angular momentum of the projectile
ion.
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Using Eq. (48) and the fact that P,(t) is proportional to
the level density p,, we obtain the following relation for the
transport coefficients:

A U(z+1)-0(2)
ALY T ‘

This expression makes it possible to establish an iterative
procedure for the recovery of U(Z):

=exp (49)

- - AL
U(Z+1)=U(Z)+T1n(w). (50)
z

Using (50) and the values of the transport coefficients, we
can calculate U (Z) for any Z. It should be noted that the
expression (50) was obtained directly from the master equa-
tion (36) without additional assumptions about the form of
the transport coefficients AY™). Thus, the realistic determina-
tion of AY™) enables us to consider the behavior of U(Z). In
accordance with (49), the ground-state energy U(Z), as a
function of the light-fragment charge Z, completely deter-
mines the direction of evolution of the dinuclear system,
which depends on the position of the entrance point relative
to the Businaro—Gallone point. In macroscopic models,
U(Z) is called the driving potential.

Microscopic and phenomenological driving potentials

There are two ways of calculating AS™): macroscopic
and microscopic. In phenomenological models®* describing
many-nucleon transfers, one uses a parametrization of the
transport coefficients AS™) in which U(Z) is equated to the
potential energy U(Z) of the dinuclear system calculated as
the sum of the binding energies of the nuclei and the
nucleus—nucleus potential. In principle, U (Z) and U(Z)
need not be equal, since U (Z) includes the kinetic energy as
well as the potential energy. For example, because of the
quantum nature of the dinuclear system, U(Z ) contains the
energy of the zero-point vibrations. However, the difference
should not be large and the main features in the behavior of
U(Z) and U(Z) must be the same, since the phenomenologi-
cal model gives a qualitatively correct description of the be-
havior of many reactions. From our point of view, the given
comparison can be one of the ways of testing our method of
calculating the transport coefficients in Eq. (36).

In Ref. 62, the difference between U(Z) and U(Z) was
ignored, and for the transport coefficients the following pa-
rametrization was proposed:

MG =5, exp{[U(Z) - U(Z+1)]/2T}, 1)

where s is a constant that characterizes the time scale. This
parametrization is a direct consequence of the expression
(49).

The parametrization (51) is based on macroscopic char-
acteristics of the system. In the phenomenological models,
the potential energy of the system is taken in the form of a
sum of the liquid-drop energy of the fragments, a shell cor-
rection, whose contribution decreases with increasing excita-
tion energy of the system, and the potential energy of the
nucleus—nucleus interaction:
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U(Z)=Uyp(Z)+Ugy(Z)exp(—EJ/Eg) + Uim(Z,R)(- )
52

The parameter E characterizes the exponential damping of
the shell correction with increasing E} . The potential of the
nucleus—nucleus interaction U;,(Z,R) includes the Coulomb
and nuclear potentials. The nuclear part can be taken in the
well-known form of the “proximity” potential. For heavy
systems and small J, the rotational energy is ignored.!®

The A$Y™) dependence of the macroscopic transition
probabilities P,(t) is determined under the assumption that
on the transfer of nucleons from one fragment to the other
the dinuclear system can go over to any state allowed by the
energy conservation law. In such a treatment, shell effects
enter U(Z) only through the binding energies, without ex-
plicit allowance for the structure of the single-particle spec-
trum of the interacting nuclei, although its influence is con-
firmed by the various experimental facts mentioned in the
Introduction. Therefore, for the analysis of these shell effects
a microscopic model must be used.

In the microscopic model of Refs. 99-101 (see Sec. 3)
the details of the structure of the interacting nuclei are ex-
plicitly taken into account in the microscopically calculated
transport coefficients AY™) (37) and influence the evolution
of the dinuclear system. Allowance for the shell structure
significantly restricts the probability of transition of a
nucleon by virtue of the effect of the selection rules with
respect to the projection of the single-particle angular mo-
mentum and the spin. Near the Fermi surfaces of the inter-
acting nuclei there may be single-particle levels between
which transitions are weakened by the weak overlap of the
single-particle wave functions. This indicates richer possi-
bilities for describing the dynamics of dinuclear systems in
the microscopic approach.

Let us consider the connection between the relation (48)
and the particular form of the transport coefficients (37). For
short times Az we have approximately

Sp.rlgprl?ns (T (1-n2N(T))
3 p.7l8pr|*nH(T)(1—n%(T))

In Ref. 99, thermal occupation numbers were introduced by
averaging over the configurations " of the macroscopic state
of a dinuclear system with given Z. Therefore, in place of
(53) we can write

AL
NS

(53)

S Zpr®zi1(n’)|gerl*nd Erbm(1—ngttmy

2, 2p, r®z(n’ )lgPT|2n

AZ+1

N

(1=-n%"")

(54)
where ®,(n") is defined in (35) In (54), n%2"" and n%"" are
equal to zero or unity, since n characterlzes a configuration

with a given number of particles and holes. We can write
approximately

(Dz(’l')"’“‘——

where N;=p;AE is the number of states in the macroscopic
subsystem. Substituting this expression in (54), we obtain
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A pz SwSplepdng " (1-nft)
+ =
A bz . Zp rlgprl*nt (- np ")

or, using the explicit expression for the microscopic transfer
matrix elements (54),

A(Z_+)1= Pz
A T pri SoNZ+1,n|Z,n")

(55)

Because of the single-particle nature of the interaction in the
Hamiltonian of the dinuclear system, there is a one-to-one
correspondence between n and n'. Therefore, we can replace
the sum over n’ in the denominator of the expression (55) by
a sum over n. Since N(Z+1,n|Z,n")=N(Z,n|Z+1,n"), we
finally obtain the relation

Avh_ Pz
A(zﬂ Pz+1’

which is none other than (49). Thus, in our microscopic ap-
proach we have obtained the same relations between the
transport coefficients as in the phenomenological model.

Results of calculations

We compare the microscopically calculated potential
U (Z) with the macroscopic potential U(Z) used in phenom-
enological models. As an example, we consider a dinuclear
system with Z,,, =108, which is realized in the “°Ar (220
MeV)+2°Th and **S(192 MeV)+>**U reactions, which lead
to similar compound nuclei with the same excitation energy
(EJ = 34 MeV) but possessing qualitatively different charge
(mass) distributions of the reaction products.'*'*

To calculate the transport coefficients AY™) (37), we take
the matrix elements gpr(R) from Ref. 102, in which a rela-
tively simple analytic method for calculating them, valid for
appreciable overlaps of the nuclear densities, was proposed
and realized. For a separation between the centers of the
nuclei satisfying R = RSP + R, [Repm is the radius of
matching the wave functions inside and outside the nucleus
for the given single-particle state P(T)], they have the form

grr(R)=(— 1)’T+"'T+”2C7;‘C§’:\/(2jp+ 1(2jr+1)

XE

3 ’]P 2 ILO)(jT_mT’ijPlLO)

X[Apky(vpR)+A 7k (vR)]. (56)

ForR < RSP + RET’ a different expression is used:

grr(R)=(—

1)/t TR CPCTN(2) p+1)(2j7+1)
. 1 - 1 . .
X jr— L) |LOY(jr—mz,jpmp|LO)
L

X{(= 1)L 2By, (kpR)+ By (krR)
+Dpj;(kpR)+Drj(krR)]+ G pk(vpR)

+Grky(viR)+I%(R,L)}. (57)
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FIG. 27. Phenomenological “driving” potential f](Z ) for the system with
Z,,=108 and A ;=272 for T=0 MeV. The results obtained in the frame-
work of the liquid-drop model are shown by the dashed curve. The driving
potential calculated using the experimental binding energies of the nuclei in
(52) are shown by the continuous curve.

Here j;(x), i;(x), k;(x), and y;(x) are spherical Bessel
functions (Ref. 140), Ip(7y and jpr, are the orbital and total
single-particle angular momenta, respectively, and mp(r) is
the projection of the angular momentum jp g . The expres-
sions for the normalization coefficients Cf, ), the constants
Apry> Bpry> Dp(ry> Gp(ry, which depend on the quantum
numbers of the single-particle states, and the quantities
I(},T(R,L) are given in the Appendix. The wave numbers for
the exterior and interior parts of the wave functions are de-
termined as follows:

2m
ven= \ 77 {Bcow—€p(n)}>

2m _
Kp(r)= Y {EP(T)— UP(T)}:

where U p(r) is the mean potential of the light (heavy)
nucleus in the single-particle state P (T), m is the proton
mass, and B, is the Coulomb barrier of the nucleus.

The results of the calculations of the phenomenological
and microscopic potentials [the expressions (52), (50), and
(37), respectively] for the dinuclear system with Z,,=108
are given in Figs. 27 and 28. We assume that N/Z equilib-
rium is established in the system in the initial stage of the
reaction. The isotopic composition for elements with Z<<10
is taken from data on the Q,, systematics of the cross sec-
tions for production of isotopes in the analogous reactions.!”
The dependence of the microscopic driving potential on the
angular momentum is taken into account through the tem-
perature parameter 7' of the dinuclear system.

It can be seen that the microscopic and macroscopic po-
tentials are qualitatively similar. They have certain character-
istic maxima and minima, reflecting the influence of the shell
structure on the evolution of the dinuclear system. The ab-
sence of local minima in U(Z) for certain magic and even
values of Z can be explained by the shell structure of the
conjugate fragment and the influence of the neutron sub-
system. It should be noted that, compared with the phenom-
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FIG. 28. Microscopic driving potential calculated for the system with
Z,,=108 and A,,,=272 (I'=1.0 MeV and R=Rp+ Ry). The arrows indicate
the initial systems >2S+%®U and “°Ar+%?Th.

enological potential, the microscopic potential U (Z) is more
sensitive to the isotopic composition of the fragments, this
being reflected especially in the greater width of the
Businaro—Gallone maximum with increasing ratio N/Z in
the light fragment. To illustrate this, Fig. 29 shows the mi-
croscopically calculated driving potential for the
63Cu+'%"Au reaction, in which Z,,,=108 and A,,,—260, i.c.,
the system has a smaller number of neutrons than in the
preceding cases. }

At the same time, the microscopic potential U(Z) is less
sensitive to an increase in the temperature T of the dinuclear
system. This is reflected in the weak decrease in the depth of
the local minima, whereas the depth of the local minima of
the phenomenological potential increases strongly with in-
creasing T. Since A )—AGD,~1/T (Ref. 100) [see (40)]
for almost symmetric configurations of the dinuclear system,
the weakening of the influence of the shell structure on the
process of nucleon transfer with increasing temperature 7 is
slower than the exponential decrease of the shell correction
to the liquid-drop binding energy of the nuclei. When speak-

30 prrrrryrer T T T T T T I Y T T T T T T T

v,

T Y I T T YT Y Y T YT Y Y

TrerTT

FIG. 29. The same as in Fig. 28 but for the system with Z,,,=108 and
A =260 (T=1.0 MeV and R=Rp+Ry). The arrow shows the position of
the initial *Cu+'%"Au configuration.
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ing of shell effects in the microscopic treatment, we have in
mind the influence of the single-particle spectra near the
Fermi surfaces of the interacting nuclei on the process of
nucleon exchange. This approach is based on the idea that
the nuclei of the dinuclear system retain their individuality
(Refs. 1, 5, 6, and 16).

The charge distributions of the products of the
“0Ar+22Th and *2S+28U reactions (Fig. 30), calculated by
means of the macroscopic transport coefficients, agree quali-
tatively with the experimental data of Refs. 14 and 139.
There is a qualitatively correct description of the direction of
evolution of the system, the maxima in the yields of the
reaction products, and the relationship between the fusion
and quasifission channels. This last fact is readily determined
if one regards the fusion process as motion of the dinuclear
system in the direction of increasing mass asymmetry, and
quasifission'® as decay of the dinuclear system into a nearly
symmetric configuration. For the *’S+2%U reaction, more
than 50% of the cross section corresponds to the fusion chan-
nel, whereas for the “’Ar+2°Th reaction only 20% does.
Accordingly, the remaining contribution to the cross section
comes from the quasifission channel. Such a strong change
in the product yields as a function of the charge (mass)
asymmetry of the entrance channel can be explained by the
difference between the structures of the interacting nuclei.
Since the single-particle spectra near the Fermi surfaces of
the nuclei *?’Th and 238U differ little, the evolution of the
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dinuclear system is mainly affected by the structure of the
light partner. Namely, in the nucleus *2S the first unoccupied
proton levels are far removed from the Fermi surface, and
this significantly reduces the probability of proton transfer
from the heavy fragment. In the nucleus “’Ar, conversely,
there is an unoccupied proton level with high degeneracy
near the Fermi surface. This leads to a decrease in the matter
symmetry of the dinuclear system. The charge distribution
P, has a maximum around Z =20, corresponding to a magic
light nucleus. The N/Z ratio of the system influences the
ratio of the cross sections for fusion and quasifission in the
reaction. For the Cu+!"’Au reaction, approximately 15%
of the cross section corresponds to an increase of the mass
symmetry, in good agreement with the experimental
results.'*!

Thus, in the framework of the microscopic approach it is
possible to obtain qualitative agreement between the results
of the calculations of the charge distributions and the experi-
mental data. The phenomenological and microscopic ap-
proaches use different input data. Nevertheless, the results of
the calculations exhibit a remarkable similarity of the micro-
scopic and phenomenological potentials. This can serve as a
further confirmation of the validity of the microscopic
model, which is based on the concept that the nuclei retain
their individuality. Allowance for the selection rules for the
angular momentum and its projection has the consequence
that in the microscopic version we obtain a driving potential,
which carries more information about the paths of evolution
of the system. This potential was found to be more sensitive
to a change in the isotopic composition of the parts of the
dinuclear system.

CONCLUSIONS

For the description of the dynamics of deep inelastic
heavy-ion collisions, microscopic models are widely used.
Their use to explain the formation of the observed distribu-
tions of the reaction products with respect to the excitation
energy, mass, and charge is fairly successful. This means that
these microscopic models adequately reflect the nature of the
considered processes. Knowledge of the distribution of the
excitation energy between the fragments is needed to recover
the initial yield of reaction products from the measured
yields of evaporation remnants. The results show that the
excitation energy at the time of collision of the two nuclei is
distributed approximately equally between them and not in
proportion to their masses. The influence of the shell struc-
ture of the interacting nuclei on this distribution is important.
Nucleon exchange, especially neutron exchange, is the main
mechanism of dissipation of the kinetic energy. However, for
heavy systems the contribution to the dissipation from the
particle-hole excitations becomes comparable with the con-
tribution of the exchange mechanism.

The microscopic model based on a single-particle
Hamiltonian with a time-dependent mean field makes it pos-
sible to take into account the influence of the shell structure
of the interacting nuclei on the formation of the charge and
mass distributions in many-nucleon transfer reactions and to
investigate the evolution of dinuclear systems in a wide
range of variation of the mass (charge) asymmetry. In this
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approach, allowance for the Coulomb interaction of the parts
of the dinuclear system reduces to a renormalization of the
proton single-particle energies. This effect leads to an appre-
ciable increase in the probability of formation of strongly
asymmetric configurations of dinuclear systems, in which
shell effects are manifested most strongly. With increasing
excitation energy of the system, the influence of the shell
structure on the process of nucleon transfer decreases more
slowly than the shell correction to the binding energy of the
nuclei.

For the consideration of the transfer of both protons and
neutrons in deep inelastic heavy-ion collisions, it is neces-
sary to take into account the isospin dependence of the
single-particle potential in order to describe the experimental
data. The calculated cross sections for production of ele-
ments agree with the O, systematics. The microscopic cal-
culation of the pre-evaporation yield of reaction products can
be used, for example, to estimate the yields of neutron-rich
actinides.

Analysis of the results of calculations of the charge and
mass distributions makes it possible to propose the existence
of not only nucleon but also cluster transfers in dinuclear
systems. The calculations confirm the conclusions of the ex-
perimental studies that the process of establishment of N/Z
equilibrium in heavy systems occurs throughout the interac-
tion time. It should be noted that in the framework of the
proposed model we have not been able to reproduce quanti-
tatively the yields of light nuclei in deep inelastic heavy-ion
collisions. The decay of a highly asymmetric dinuclear sys-
tem probably occurs for dynamical reasons. Allowance for
this factor could have a strong influence on the enhancement
of the yields of light nuclei and improve the agreement with
experiment. In some cases, the change of the charge asym-
metry of the dinuclear system during the dissipation of the
kinetic energy may be important.

A further confirmation of the large possibilities of the
microscopic approach is the qualitative agreement between
the microscopically calculated and phenomenological driv-
ing potentials. At the same time, the analysis shows that the
microscopic driving potential carries more information about
the paths of evolution of the dinuclear systems.

The further development of the model will, in our view,
permit a self-consistent description of the dissipation of ki-
netic energy and the change of the mean field of the di-
nuclear system, and will make it possible to calculate the
cross sections for production of the various reaction products
with allowance for the probability of decay of each configu-
ration of the dinuclear system.
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APPENDIX. CALCULATION OF NUCLEON-TRANSFER
MATRIX ELEMENTS

We approximate the radial wave functions of the single-
particle states by the wave functions of a finite-depth rectan-
gular well U;(i=P,T):

1172

W0 =P (Y12 (i),

Clir(rir), r<R,
Y (r)=
4 szk,-(vir), r?Rsi,

1
112 _
Yj‘_m'_ —2 (l,-m, R (A1)

jimi)ylimi)(o- ,

1172 . . L .
where le.mA is a spherical harmonic, j; is a spherical Bessel

{22

function of the first kind, and k, is a spherical Macdonald
function. In the case of heavy nuclei, the wave functions
(A1) can be regarded as a fairly good approximation. In con-
trast to harmonic-oscillator wave functions, they have the
correct asymptotic behavior, and analytic calculations using
them are fairly simple. For the single-particle spectrum, we
take the spectrum for a spherically symmetric Woods—Saxon
potential U; (i=P,T) that contains central, spin—orbit, and
Coulomb (for the protons) interactions. To the profile U; we
shall also “match” interior and exterior radial wave func-
tions. Thus, for each single-particle state with energy &; we
shall determine a corresponding matching radius R, by

means of the relation U i(REi) = g;. The wave functions for

the protons and neutrons will be taken in the same form, but
because of the difference of the single-particle potentials the
matching radii will differ, and therefore the values of the
wave functions for equal quantum numbers will also differ.

The normalization constants are found from the condi-
tion of continuity of the logarithmic derivative of the radial
wave function and the normalization:

2
Vp(r
=« =R} |1+52
P(T) P(T) K3r)
—1/2
Xkt +1 (VPR e VK1 -1 (VPR )
k R
n kg (eaRe, ;) o .

1 I 1 .
PO iy (KpRep ) PO

In the coordinate representation, the matrix element for
nucleon transfer has the form®

gpr(R)= %f dry7 (r)[Ur(r) + Up(r—R)]¢p(r—R),
(A3)

where [Ur(r)+Up(r—R)] is the total single-particle poten-
tial of the dinuclear system, and R is the distance between
the centers of the nuclei. Using the Fourier transforms of the
wave functions

Yp)(p)= ‘/JP(T)(P)YI-P(T)I/Z (p/p),

Tp(ry™p(T)
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2 2
Kpr)t Vp(r)

2
v (p)=i"Pm\[— * R
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and the approximate relation

ﬁZ
( " 2m A+ UP(T)(r)) Ypr)(r)=€pr)¥pr)(T),

we obtain the following expression for the transfer matrix

element:
h2
[SP_2_mp2}+{ET

¥p(p). (A5)

=l ipR, *
gpr(R) zfdpe Y7 (p)

ﬁ2
" 2m J

Integrating (A5) over the angular variables, we obtain

(__ 1)'”T_1/2
2

gpr(R)= V(2jp+1)(2jr+1)

X, it(jr—1/2,j,1/2|L0)(jr
L

ﬁ2p2
o~ 5|

¥, (p) ¥, (p)- (A6)

_mT’ijplLO)

X f . dpp*j.(pR)

ﬁ2p2
+(e,- W]

The integrand in (A6) is an analytic function and has simple
poles at the points p=*ivp7), T kp(r). Using this circum-
stance, we obtain the final results.

For R = REP + RST, we obtain the expression (56),
where

Apy=apm§(iy, (VprRs, )5

(8P+ 8T+h VP(T)/m)(VT(P)+ KT(P))R

a €p(T)
P(T ’
™= 2( VP(T)+ KT(P))( VP(T)_ VT(P))
&fr, (K'Ro, N=f; (k'R ) i
pr)' ™ Tep) e TP’ R, o
kl,,m( VP(T)Rst)
x R . (A7)
f’P(r)(K st)

Here, i, is a modified spherical Bessel function of the first
kind, and f,(x) is one of the Bessel functions.
For 2VP(T)R >L (L + 1),

grr(R)~ 5m,,1/25m,1/2

X(=1)'TICPCIV(2jp+ 1)(2j1+1)
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exp(—vpR exp(—vR
) p(—vp )+AT p(—vrR) .
vpR vrR

(A8)

In the derivation of (56) no allowance was made for the
contribution from the poles p==* kpr), since the employed
wave functions p(r) must be eigenfunctions of the potential

Upry-
IfR <R,, + R, , we obtain the expression (57), where
Bp(r) =bP(T)[f(YIT(P)(KP(T)RET(P)))ef(YIP(T)
X(kp()R e ) ~ €Uy (KPR e ) €L 1)
N1

Dpry=bpn)[ (1, (KPR e p))EW 1,

X(kpRep ;)

X(kp(ryRep ) EV 1 (KPR e ) €U 1

X(kp(nRep )]s
(—1)'rm
Gp)= apnyé(kiy (Ve Rer )5
kpr(epter— h? KP(T)/m)(KT(P)+VT(P))RsP ey
bP T )
"= 4(KP(T)+ VT(P))(KT(P)_KP(T))
(A9)

and I(};(T)(R,L) is the contribution to the matrix element
from the pole at the point p=0. If vp= vy o1 kKp= K7, then it
is necessary to go to the limit in (56) or (57).

For comparison we also give the expression for gpr(R)
obtained under the assumption that only the asymptotic parts
of the wave functions contribute to the matrix element:

2

wh
gpr(R)=(—1)Trmr 12 — 8 m —CCry

X\(2jpt1)(2j7+1)
X2 (jr—1/2,jp1/2|L0O)(jr—my,jpmp|LO)
L

X ( ) g M (AlO)
vr

vr

( ) P ky(vrR)
Vp ’

vp

The dependences of the matrix elements gp7(R) on R
and the quantum numbers of the single-particle states are
given in Ref. 102. Their deviation from the parametrization
(38) is shown. Allowance for the shell structure strongly lim-
its the probability of nucleon transfer even if this transition is
energetically favored by virtue of the selection rules with
respect to the projection of the total angular momentum and
spin.
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