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Effects of shell structure andN/Z ratio of a projectile on the excitation energy distribution
between interacting nuclei in deep-inelastic collisions

G. G. Adamian,* R. V. Jolos, and A. K. Nasirov*
Joint Institute for Nuclear Research, 141980 Dubna, Russia

A. I. Muminov
Heavy Ion Physics Department, Institute of Nuclear Physics, 702132 Ulugbek, Uzbekistan

~Received 13 April 1995!

Deep inelastic collisions of stable and radioactive projectiles with heavy targets are considered. The effects
of shell structure and theN/Z ratio of a projectile on the excitation energy distribution between interacting
nuclei, and on the centroid position and variance of the charge~mass! distribution of binary reaction products
are explored. The role of nucleon exchange and particle-hole excitation mechanisms in the transformation of
relative motion kinetic energy into the internal excitation energy of nuclei is studied. It is shown that a change
in the mass number of the projectile nucleus causes a sufficient change both in the sharing of the excitation
energy between fragments and in the charge~mass! distribution of reaction products. The nucleon exchange
process between interacting nuclei is the main mechanism of dissipation.

PACS number~s!: 25.70.Hi, 25.70.Lm
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I. INTRODUCTION

A large value for kinetic energy losses is an inherent fe
ture of deep inelastic heavy ion collisions@1,2#. Earlier it
was assumed that the relative motion kinetic energy of n
clei, being transformed into intrinsic excitation energy, wa
distributed between reaction products in approximate prop
tion to their masses. Recent experiments@3–14#, however,
have demonstrated that this assumption is incorrect. For
ample, in the58Ni1 197Au @3,4#, 56Fe,74Ge 1 165Ho reac-
tions @5–12# the excitation energy is about equally divide
between the products of the binary reactions for relative
large values of the total kinetic energy losses. In other re
tions @3,13,14#, the excitation energy distribution is interme
diate between equal sharing and sharing proportionate to
fragment masses. In the52Cr1 208Pb @13#, 238U1 124Sn,
110Pd reactions@14# a large part of the excitation energy i
concentrated in the light fragments even for a wide range
total kinetic energy loss. These new experiments create
great interest in the problem of kinetic energy dissipation.
reconstruct the primary reaction product yields from th
measured evaporation residues, it is important to know h
the excitation energy was distributed between the prima
fragments.

The fact that thermodynamic equilibrium is not attaine
as quickly as it was assumed earlier points to the import
role of the structure of interacting nuclei even at relative
large kinetic energy losses. The effect of shell structure
the energy dissipation is manifested in the experimen
study of the correlation of the total kinetic energy loss wi
the nucleon exchange between interacting nuc
@2–12,15,16#. The value of the total kinetic energy loss pe
unit of the charge distribution variance of the products f
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the 208Pb1 208Pb reaction is significantly larger than that fo
the 238U 1 238U reaction@15,16#. The effect of the neutron
number variation of the projectile nucleus on the ma
charge, and energy distributions of deep inelastic heavy
collision products is studied in@17–23#.

Interesting results for the yields of neutron-rich nuclei
the incomplete fusion reactions of40,44,48Ca1 248Cm were
obtained in@18,20#. The observed yields of such elements
Th, U, and Pu in the reaction with40Ca turned out to be two
orders of magnitude smaller than those in the reaction w
48Ca. The cross section of production for elements w
masses larger than the target-nucleus mass, however,
two orders of magnitude larger for the reaction with44Ca
than that for the reaction with48Ca. From analysis of the
N/Z ratio (N andZ are the neutron and proton numbers! of
distribution of secondary nuclides the authors concluded
targetlike fragments have small excitation energies. This
should be taken into account in deexcitation calculatio
@23#. The difference in excitation energy values in all thr
40,44,48Ca1 248Cm reactions is assumed to be related to
difference inQgg values.

The effect of the shell structure andN/Z ratio of the pro-
jectile on the partitioning of excitation energy between int
acting nuclei, as well as on mass and charge distribution
the products of deep inelastic heavy ion collisions, is stud
in @18,20#. It is evident that the analysis of this effect shou
be based on a microscopic model.

The calculation of frictional coefficients requires explic
formulation of a microscopical model, including the co
pling of relative motion to the intrinsic degrees of freedo
@24–41#. These models are distinguished by the intrinsic e
citations to be considered: collective surface vibrations, gi
resonances, noncoherent particle-hole excitations, or nuc
exchange between nuclei. It is clear that the structure of
cited states and the strength of the coupling of different
citation modes with a relative motion will affect the excit
tion energy distribution between fragments.

of
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872 53ADAMIAN, JOLOS, NASIROV, AND MUMINOV
The most commonly used models are those based on
one-body dissipation approach@29,40#. In these models, the
friction force is determined by the nucleon exchange thro
a ‘‘window’’ during nuclear collision@42#. The simplicity of
this model@29,40# and its success in describing the kine
energy loss and the width of the mass~charge! distribution of
reaction products are encouraging. The interacting nucle
the framework of these models, however, are considere
the Fermi-gas approximation, and therefore, the nuc
structure is taken into account only by means of averag
over the ground state energy and parameters of the
density.

One of the advantages of our model@43,44# as compared
with model@29,40# is that it allows us to explicitly take into
account the effect of the nuclear shell structure on a collis
process. A realistic scheme of single-particle states, nuc
separation energies, and single-particle matrix element
nucleon transitions both in each nucleus and from
nucleus to another are constituents of our model. The sin
particle approach is improved by the phenomenological
count of the residual interaction between nucleons. Exp
mental data on the widths and centroid positions of
charge~mass! distributions of the reaction products indica
that as dinuclear systems evolve individual features of
nuclei are preserved, and shell structure effects play an
portant part@1,2#. In comparison with model@29,40# our
model gives correct direction of proton and neutron drifts
is known that the nucleon drift also renders the influence
the process of excitation energy division between fragm
@3#. Another advantage of our model is the possibility
simultaneously considering the particle-hole excitations
each nucleus and the nucleon exchange between nuclei
particle-hole excitation mechanism seems to be an esse
contribution at peripheral internuclear distances. This exc
tions become as important as a nucleon exchange espe
for the massive dinuclear systems@43#. In the framework of
this model, a good agreement with the experimental res
has been obtained in describing the dependence of the
tation energy sharing between reaction products on t
mass number, and the dependence of the centroid pos
and variances of the charge and mass distributions on
total kinetic energy loss@43,44#.

The basic features of our model are described in Sec
In Sec. III, the effects of the projectile shell structure and
N/Z ratio on excitation energy distribution, centroid positio
and variance of the charge~mass! distribution for binary re-
action products in deep inelastic heavy ion collisions
explored. The role of nucleon exchange and particle-h
excitation mechanisms in the transformation of relative m
tion kinetic energy into the internal excitation energy of n
clei is studied. Conclusions are given in Sec. IV.

II. MODEL

The model is based on the assumption that colliding
clei moving along approximately classical trajectories p
serve most of their individual properties during the inter
tion time at the kinetic energies under consideration@1,2,45#.
For this reason, the quantum-mechanical consideration o
intrinsic degrees of freedom employs the single-particle
proximation with a realistic scheme of the single-parti
the
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levels for each nucleus. Each nucleus is described by a p
tential well ~Woods-Saxon-type potential! with nucleons in
it. The interaction picture can be represented as follows: Du
ing the interaction time both potential wells act on the nucle
ons of each nucleus causing nucleon transitions betwe
single-particle states. The transitions occurring in eac
nucleus are particle-hole excitations, while those betwe
partner nuclei are nucleon exchanges. Thus, in the sugges
model, the single-particle mechanism is considered as t
main mechanism of excitation and dissipation. The singl
particle approach is improved by the phenomenological a
count of the residual interaction between nucleons. Such
fects as excitations of high- and low-lying collective states o
the interacting nuclei are neglected. Although contribution
to the dissipation could come from easily excited surfac
vibrations, the adiabaticity of the relative motion with re
spect to these vibrations decreases their effects.

The total Hamiltonian of a dinuclear systemĤ takes the
form

Ĥ5Ĥ rel1Ĥ in1V̂int . ~1!

The Hamiltonian of a relative motion,

Ĥ rel5
P̂2

2m
1Û~R̂!,

consists of the kinetic energy operator and a nucleus-nucle
interaction potentialÛ(R̂). Here R̂ is the relative distance
between the centers of mass of the fragments,P̂ is the con-
jugate momentum, andm is the reduced mass of the system
The last two terms in~1! describe the intrinsic motion of
nuclei and the coupling between relative and intrinsic mo
tions ~for details, see@43,44#!.

The single-particle Hamiltonian of the dinuclear system
Ĥ is

Ĥ„R~ t !…5(
i51

A S 2\2

2m
D i1ÛP„r i2R~ t !…1ÛT~r i ! D , ~2!

wherem is the nucleon mass, andA5AP1AT is the total
number of nucleons in the system. The average sing
particle potentials of a projectileUP and a targetUT involve
both the nuclear and Coulomb fields.

In the second quantization form the Hamiltonian~2! can
be rewritten as

Ĥ„R~ t !…5H̃
ˆ
in„R~ t !…1V̂int„R~ t !…,

H̃
ˆ
in„R~ t !…5(

i
«̃ i„R~ t !…ai

†ai

5(
P

«̃P„R~ t !…aP
†aP1(

T
ẽT~R~ t !…aT

†aT , ~3!
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53 873EFFECTS OF SHELL STRUCTURE AND THEN/Z RATIO OF . . .
V̂int„R~ t !…5 (
iÞ i 8

Vii 8„R~ t !…ai
†ai 8

5 (
PÞP8

xPP8
~T!

„R~ t !…aP
†aP8

1 (
TÞT8

xTT8
~P!

„R~ t !…aT
†aT8

1(
T,P

gPT„R~ t !…~aP
†aT1H.c.!.

Up to the second order in the overlap integral^PuT& @46#,

«̃P„R~ t !…5«P1^PuUT~r !uP&,

«̃T„R~ t !…5«T1^TuUP„r2R~ t !…uT&,

xPP8
~T!

„R~ t !…5^PuUT~r !uP8&, ~4!

xTT8
~P!

„R~ t !…5^TuUP„r2R~ t !…uT8&,

gPT„R~ t !…5
1

2
^PuUP„r2R~ t !…1UT~r !uT&.

In expression~4!, «P(T) are the single-particle energies of
nonperturbed states in the projectile~target! nucleus. These
states are characterized by a set of quantum numbe
P[(nP , j P ,l P ,mP) and T[(nT , j T ,l T ,mT) corresponding
to the projectile (P) and target (T) nuclei, respectively. The
diagonal matrix elementŝPuUTuP& (^TuUPuT&) define the
shifts in single-particle energies of the projectile~target!
nucleus caused by the target~projectile! mean field. The cor-
responding nondiagonal matrix elementsxPP8

(T) (xTT8
(P) ) gener-

ate particle-hole transitions in the projectile~target! nucleus.
The matrix elementsgPT correspond to the nucleon ex-
change between reaction partners due to the nonstation
mean field of the dinuclear system. These matrix elemen
were calculated in the framework of the approach propose
by us @47,48#. The contributions of noninertial recoil effects
to the matrix elements are neglected since they are sm
@35#. The effect of the mean field of one nucleus on states o
the other nucleus is taken into account in the second order
perturbation theory:

x̃PP8
~T!

„R~ t !…5xPP8
~T!

„R~ t !…1
1

\(
P9

xPP9
~T!

„R~ t !…xP9P8
~T!

„R~ t !…

3F 1

ṽP9P„R~ t !…
1

1

ṽP9P8„R~ t !…
G , ~5!

x̃TT8
~P!

„R~ t !…5xTT8
~P!

„R~ t !…1
1

\(
T9

xTT9
~P!

„R~ t !…xT9T8
~P!

„R~ t !…

3F 1

ṽT9T„R~ t !…
1

1

ṽT9T8„R~ t !…
G , ~6!
rs
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g̃PT„R~ t !…5gPT„R~ t !…1
1

\(
T8

gPT8„R~ t !…xT8T
~P!

„R~ t !…

ṽT8P„R~ t !…

1
1

\(
P8

xPP8
~T!

„R~ t !…gP8T„R~ t !…

ṽP8T„R~ t !…
, ~7!

whereṽ ik„R(t)…5@ «̃ i„R(t)…2 «̃k„R(t)…#/\.
The explicit consideration of the residual interaction re

quires cumbersome calculations, but linearization of the tw
body collision integral simplifies the consideration. In th
relaxation time approximation@49# the equation of motion

for the single-particle density matrixn̂̃(t) is

i\
] n̂̃~ t !

]t
5@Ĥ„R~ t !…,n̂̃~ t !#2

i\

t
@ n̂̃~ t !2 n̂̃eq„R~ t !…#, ~8!

where t is the relaxation time~which will be determined

later!, n̂̃eq„R(t)… is a local quasiequilibrium density matrix a
a fixed value of the collective coordinateR(t):

ñi
eq
„R~ t !…5F11expS «̃ i„R~ t !…2lK

~a!~ t !

QK~ t !
D G21

, ~9!

QK~ t !53.46A@EK*
~Z!~ t !1EK*

~N!~ t !#/^AK~ t !&,

where QK(t), ^AK(t)&5^ZK(t)&1^NK(t)&, lK
(a)(t), and

EK*
(a)(t) are the effective temperature, mass number, chem

cal potential, and intrinsic excitation energies for the proto
(a5Z) and neutron (a5N) subsystems of the nucleusK(K
5P,T), respectively.

The t i is calculated in the framework of the theory o
quantum liquids@50,51#:

1

t i
~a! 5

A2p

32\«FK
~a! F ~ f K2g!21

1

2
~ f K1g!2G

3@~pQK!21~ «̃ i2lK
~a!!2#F11expS lK

~a!2 «̃ i
QK

D G21

,

~10!

where

«FK
~Z!5«FF12

2

3
~112 f 8!

^NK&2^ZK&

^AK& G ,
«FK

~N!5«FF11
2

3
~112 f 8!

^NK&2^ZK&

^AK& G ~11!

are the Fermi energies of protons and neutrons (eF537
MeV!. Here f in50.09, f in8 50.42, f ex522.59, f ex8 50.54,
g50.7 are constants of the effective nucleon-nucleon int
action @51#. The finite form of the nucleus has been take
into account by the expression@51#
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f K5 f in2
2

^AK&1/3
~ f in2 f ex!,

f K8 5 f in8 2
2

^AK&1/3
~ f in8 2 f ex8 !. ~12!

A formal solution of Eq.~8! is

ñi~ t !5expS t02t

t i
D H ñi~ t0!1(

k
E
t0

t

dt8E
t0

t8
dt9V ik~ t8,t9!

3expS t92t

t ik
D @ ñk~ t9!2ñi~ t9!#

1
1

t i
E
t0

t

dt8ñi
eq
„R~ t8!…expS t82t0

t i
D J , ~13!

where

V ik~ t,t8!5
2

\2ReHVik„R~ t !…Vki„R~ t8!…

3expF i E
t8

t

dt9ṽki„R~ t9!…G J .

FIG. 1. The dependences of the ratiosRP/T ~a!, RZ/N ~b!, and
Rph/ex ~c! on Eloss for the

XAr1248Cm reactions:X534 ~dotted
line!, X540 ~dashed line!, X546 ~solid line!.
Equation~13! is solved step by step with the time interval
(t2t0) divided into parts:t0 , t01Dt, t012Dt, etc., for
Dt,t i :

ñi~ t !5ñi
eq
„R~ t !…F12expS 2Dt

t i
D G1ni~ t !expS 2Dt

t i
D ,

~14!

ni~ t !5ñi~ t2Dt !1(
k
Wik„R~ t !,Dt…

3@ ñk~ t2Dt !2ñi~ t2Dt !#, ~15!

where

Wik„R~ t !,Dt…5uVik„R~ t !…u2
sin2FDt2 ṽki„R~ t !…G

F\2 ṽki„R~ t !…G2 , ~16!

ni(t)5^tuai
†ai ut& is a solution of Eq.~8! without taking into

account the residual forces. The dynamicni(t) and quasi-
equilibrium ñi

(eq)
„R(t)… occupation numbers are calculated at

every time step. The initial values of the occupation number
equal 1 for occupied states and zero for unoccupied one
The energy of the last complete or partially occupied leve

FIG. 2. The same as in Fig. 1, but for theXCa1248Cm reactions:
X540 ~dotted line!, X544 ~short dashed line!, X548 ~long dashed
line!, X554 ~solid line!.
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« i was found to be equal to the nucleon separation ene
presented in@52#. The time stepDt used in the calculations is
10222 s.

The present model allows us to calculate the avera
number of protonŝZP(T)& or neutronŝ NP(T)&, their vari-
ance sZ

2 or sN
2 , and the intrinsic excitation energies

EP(T)* (Z)(t) andEP(T)* (N)(t) for the proton and neutron subsystem
of each nucleus:

^ZP~T!&~ t !5 (
P~T!

Z

ñP~T!~ t !, ~17!

^NP~T!&~ t !5 (
P~T!

N

ñP~T!~ t !, ~18!

sZ~N!
2 ~ t !5 (

P

Z~N!

ñP~ t !@12ñP~ t !#, ~19!

EP~T!
* ~a!~ t1Dt !5EP~T!

* ~a!~ t !1(
P~T!

~a!

@ «̃P~T!„R~ t !…2lP~T!
~a!

„R~ t !…#

3@ ñP~T!~ t1Dt !2ñP~T!~ t !#, ~20!

where the top indexZ(N) of the sum restricts the summation
over proton~neutron! single-particle levels. It is seen from
~20! that the fragment excitation energy is calculated step
step along the time scale. Separate summing over the neu

FIG. 3. The same as in Fig. 1, but for theXCa1238U reactions:
X540 ~dashed line!, X548 ~solid line!.
gy

ge
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y
ron

and proton subsystems of each fragment allows us to det
mine their relative contribution to the excitation energy o
the nuclei.

III. MODEL CALCULATIONS

This section is mainly devoted to the study of the dee
inelastic heavy ion collisions of 34,40,46Ar1 248Cm,
40,44,48,54Ca1 248Cm, 40,48Ca1 238U, and 20,22Ne1 248Cm. In
the framework of our model, we have analyzed the effect
the projectileN/Z ratio variations on the distribution of the
excitation energy between binary products in these reactio
The shifts of the centroid position and variances of charg
and mass distributions in these reactions were calculated
well. These distributions are important, for example, i
choosing the combinations of reaction partners and their c
lision energies for synthesis of exotic nuclei. The relativ
motion trajectories have been calculated by the same meth
as in @53,54#.

The following notation is used:RP/T5EP* /ET* is the ratio
of the excitation energy of a projectilelike nucleus to a ta
getlike nucleus;Rph/ex5E* (ph)/E* (ex) is the ratio of the exci-
tation energy of nuclei produced by particle-hole excitation
to that produced by nucleon exchange;RZ/N5E* (Z)/E* (N) is

FIG. 4. The change in the mean charge^DZP& ~a! and neutron
^DNP& ~b! number of the projectile nucleus and the charge varian
sZ
2 for the XCa1238U reactions as a functionEloss: the dashed

(X540) and solid (X548) lines are results of the calculations and
the circles (X540) and triangles (X548) are the experimental data
@17#.
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876 53ADAMIAN, JOLOS, NASIROV, AND MUMINOV
the ratio of the excitation energies of the protonE* (Z) and
neutron E* (N) subsystems of the dinuclear system
^DZP&5ZP2^ZP& and ^DNP&5NP2^NP& are the changes
in the mean charge and neutron numbers in the project
The excitation energy of each nucleusEi* ( i5P,T) was cal-
culated by Eq.~20! with summing of the excitation energies
of the protonEi*

(Z) and neutronEi*
(N) subsystems. In all

figures the abscissa presents the total excitation ene
Eloss5EP*1ET* .

The calculated values ofRP/T @Figs. 1~a!, 2~a!, 3~a!, 7~a!#
show that in the34,40,46Ar1 248Cm, 40,44,48,54Ca1 248Cm,
40,48Ca1 238U, and 20,22Ne1 248Cm reactions the excitation
energy concentrated in the light products is significant
larger than that corresponding to thermodynamic equili
rium. This is seen most clearly in the results of calculatio
for the reactions with34Ar and 54Ca. Thus, due to the short
interaction time and the strong difference in the shell stru
tures of the colliding nuclei, a thermodynamic equilibrium i
the dinuclear system is not reached.

These results show that theN/Z ratio of the projectile
strongly affects the excitation energy sharing between fra
ments. The deviation of the curve, which describes a dep
dence of ratioRP/T on Eloss in Fig. 2~a!, for 48Ca from the
trend of other isotopes with increasingN/Z ratio manifests
an important role of the nucleus shell structure into a par
tion of excitation between binary products of the reactio
From our calculations, it is seen@Fig. 2~a!# that the excitation
energies of40Ca and 48Ca are smaller as compared with

FIG. 5. The same as in Fig. 4, but for theXAr1248Cm reactions:
X534 ~dotted line!, X540 ~dashed line!, X546 ~solid line!.
;
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44Ca and54Ca in the XCa1 248Cm reactions. The neutron
level f 7/2 is filled with increasingN/Z ratio from 1 for
40Ca to 1.4 for48Ca. The ratioRP/T increases with filling of
this level@see theXCa1 248Cm reaction in Fig. 2~a!#. How-
ever,RP/T decreases for reaction with magic nucleus48Ca,
for which level f 7/2 is completely occupied. As for isotopes
heavier than48Ca, their last shell is unoccupied, and the
excitation energy becomes again higher than for48Ca. We
can observe the same tendency in Fig. 1~a! for the XAr 1
248Cm reactions, in which the nucleus46Ar with magic neu-
tron number obtains smaller excitation energy than the ot
ers. The ratioRP/T for the 40Ca1 248Cm and48Ca1248Cm
reactions is practically the same@Fig. 2~a!#. For the
40,48Ca1238U @Fig. 3~a!# we have obtained different results
on account of the effects of shell structure peculiarities of th
target nucleus. We can conclude that the shell structure
nuclei ~magic numbers, level densities near the Fermi su
faces of nuclei! as well as proton energy separation in th
projectile~that is strongly connected with theN/Z ratio! and
the relative position of Fermi surfaces of the interacting nu
clei are important in distributions of the excitation energ
and nucleons between the binary products of deep inelas
heavy ion collisions.

It is seen~Figs. 1, 2, 3, 7! that in all these reactions an
increase in the orbital angular momentum~decrease in the
total excitation energy! leads to an increase in theRP/T and
Rph/ex ratios. This means that the relative contribution o

FIG. 6. The same as in Fig. 4, but for theXCa1248Cm reactions:
X540 ~dotted line!, X544 ~short dashed line!, X548 ~long dashed
line!, X554 ~solid line!.
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53 877EFFECTS OF SHELL STRUCTURE AND THEN/Z RATIO OF . . .
particle-hole excitations to the total excitation energy of
dinuclear system also increases with the initial orbital an
lar momentum. It is clear that when the relative distan
between the interacting nuclei increases~i.e., overlapping of
the nuclear densities decreases!, the probability of nucleon
exchange decreases more rapidly than that of the inela
excitations of nuclei.

The results of theRph/ex andRZ/N ratio calculations~see
Figs. 1, 2, 3, and 7! are sensitive to the value of theN/Z ratio
of the projectile nucleus. From the values of theRph/ex ratio
one can conclude that nucleon exchange is the main me
nism of kinetic energy dissipation. Comparison of the valu
of Rph/exandRZ/N shows that with increasing projectile ma
number, the contribution of the proton subsystem to the t
excitation energy increases and becomes comparable to
of neutron exchange@Figs. 1~b!, 2~b!, 3~b!, and 7~b!#. This
enhancement of the role of the proton subsystem in the
sipation process with the increasing projectileN/Z ratio is
attributed to the increase in the proton separation energy

FIG. 7. The same as in Fig. 1, but for theXNe1248Cm reactions:
X520 ~dashed line!, X522 ~solid line!.
e
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a result, the intensity and direction of the proton~neutron!
transfer@Figs. 4~a!, 4~b!, 5~a!, 5~b!, 6~a!, 6~b!, 8~a!, and 8~b!#
between the fragments of the dinuclear system are chan

The increase in the separation energy means that the
ton Fermi level in the projectile with the largerN/Z ratio is
deeper than in a projectile with a smallerN/Z. A large dif-
ference between the Fermi levels of interacting fragme
can increase the number of transferred protons from the
get to the projectile. Application of a heavy isotope as
projectile increases the difference between the last filled p
ton level of the projectile nucleus and first unfilled level
the target nucleus. As a result, the average excitation ene
per proton transfer between a heavier projectile isotope
the target nucleus will be larger than that between a ligh
projectile and the same target. This effect appears as an
crease in the mean energy of the proton subsystem displa
in the increase inRZ/N @Figs. 1~b!, 2~b!, 3~b!, 7~b!# and
Rph/ex @Figs. 1~c!, 2~c!, 3~c!, 7~c!# ratios. The contribution of

FIG. 8. The same as in Fig. 4, but for theXNe1248Cm reactions:
X520 ~dashed line!, X522 ~solid line!.
TABLE I. The proton (Sp) and neutron (Sn) separation energies of Ne, Ar, Ca,Sp527.62 (238U!,
27.13 (248Cm!; Sn526.15 (238U!, 26.21 (248Cm! @52#.

Element Ne Ar Ca

A 20 22 34 40 46 40 44 48 54
Sp ~MeV! 212.85 215.27 24.67 212.53 218.51 28.33 212.17 215.81 222.00
Sn ~MeV! 216.87 210.36 217.07 29.87 27.22 215.64 211.13 29.94 25.51
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the proton particle-hole excitation energy in the nuclei to th
shared total excitation energy will be significant at large va
ues of the orbital angular momentum. As follows from ou
results, the sharing of the total excitation energy betwe
reaction partners and the distribution of the shared excitati
energy between the proton and neutron subsystems of
nucleus should be correctly taken into account in calculati
the preequilibrium nucleon yields.

In Figs. 4~a!, 4~b!, 5~a!, 5~b!, 6~a!, 6~b!, 8~a!, and 8~b! the
changes of the mean value of proton (^DZP&) and neutron
(^DNP&) numbers in projectilelike fragments of the40,48Ca
1 238U, 34,40,46Ar 1 248Cm, 40,44,48,54Ca 1 248Cm, and
20,22Ne 1 248Cm reactions, as functions ofEloss, are pre-
sented. The change in the^DZP& and^DNP& decreases with
Eloss because of a reduction in the overlap of nuclei. Fro
Table I and Figs. 4~a!, 4~b!, 5~a!, 5~b!, 6~a!, 6~b!, 8~a!, and
8~b! the sensitivity of^DZP& and ^DNP& to the proton and
neutron separation energies is seen. In Figs. 4~a!, 4~b!, our
results are compared with the experimental data for^DZP&
and ^DNP& for secondary products of the40,48Ca1 238U re-
actions from @17#. Our results correspond to the primary
products. According to our calculations, in the40,44Ca1
248Cm reactions, the centroid of the charge distributio
moves to increase the charge asymmetry, in agreement w
the experimentally observed increase in the yields of n
clides with masses greater than the mass of the target nuc
@18,20#. In the reaction with48Ca, the charge distribution
centroid is shifted to decrease the charge asymmetry, wh
also agrees with the increase in the experimentally observ
@18,20# yields of nuclides with masses smaller than the ma
of the target nucleus. Unfortunately, for some characterist
of the reactions the experimental data are not complete.

IV. CONCLUSION

These theoretical results show that the shell structure a
theN/Z ratio of the projectile strongly affect the excitation
energy sharing between fragments and the mass~charge! dis-
tribution of reaction products in deep inelastic heavy io
collisions. For strongly asymmetric combinations, such
e
l-
r
en
on
the
ng

m

n
ith
u-
leus

ich
ed
ss
ics

nd

n
as

20,22Ne1 248Cm, 34,40,46Ar1 248Cm, 40,48Ca1 238U, and
40,44,48,54Ca1 248Cm, the excitation energy is about equal
shared between the products of the binary reactions
should be noted that in all these reactions the ratio of
excitation energy of the projectilelike nucleus to that of t
targetlike nucleus decreases with the initial orbital angu
momentum. The contribution of the proton exchange to
total excitation energy increases with the neutron numbe
the projectile nucleus and becomes comparable to the co
bution from the neutron exchange. The nucleon excha
between interacting fragments is the main mechanism of
relative motion kinetic energy dissipation. The relative co
tribution of particle-hole excitations~mainly protons! to the
excitation energy of nuclei also increases with the initial o
bital angular momentum.

Our calculations show that the excitation energy of hea
products of the reactions should not be large. Therefore,
probability of particle evaporation from heavy fragmen
should be small. The authors of the experimental work
@18,20# came to the same conclusion on the basis of
narrow form of isotope distributions. For practical purpose
knowledge about the excitation energy distribution betwe
fragments can be used to reconstruct primary reaction pr
uct yields @23#. The results demonstrate the sensitivity
excitation energy sharing to theN/Z ratio; they are important
enough to deserve detailed comparisons with experime
We point out proton energy separation, in neutron-ri
~heavy! projectiles, as the leading parameter, which is n
inconsistent with former studies.
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