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1 Introduction

Dissipation of a large amount of the kinetic energy in deep inelastic heavy
ion collisions (DIC) is a fundamental time-dependent process [1,2] that has
attracted theoretical interest since the discovery of this class of reactions.
At an earlier stage of investigations it was assumed that the excitation en-
ergy is distributed between reaction partners in proportion to their masses.
However, after a series of experiments, it became clear that a large part of
the excitatior. energy is concentrated in the light fragments for a wide range
of total kinetic energy losses (TKEL). Various models have been proposed
to explain this phenomena, taking into account a coupling of the relative
motion to the intrinsic degrees of freedom. The simple macroscopic models
with phenomenological friction forces can not be used to treat this problem.
In microscopic models, friction forces are derived considering a coupling of
the relative motion to the specific intrinsic degrees of freedom. However, not
all of these models can consider a division of the excitation energy between
the reaction partners.

To microscopic models, which can make predictions for the excitation en-
ergy partitioning between the reaction partners, belong the model developed
in [3]. In this model, all transport phenomena are assumed to be mediated by
the exchange of independent nucleons between interacting nuclei. Sufficient
amounts of the kinetic energy is dissipated when large numbers of nucleons
are transferred in alternating directions. Usually, in deep inelastic heavy ion
collisions, a shift of the centroid of the mass distributions is small in compar-
ison with the width. Therefore, it is expected that both nuclei receive, on the
average, comparable amounts of excitation energy. In the model [3], which
is based on the Fermi-gas model for the intrinsic motion, the kinetic energy
losses are explained by the fact that the intrinsic momentum of a transferred
nucleon is summed with the momentum of the relative motion. As a result,
this momentum can be larger than the Fermi momentum Pp, thus producing
the excitation of a donor nucleus. ‘

For relative velocities of the interacting nuclei at which the adiabatic ap-
proximation loses its accuracy, the model developed in {4,5] suggests that
particle-hole states are excited in the two interacting nuclei as a result of di-
abatic transitions between the single-particle levels of a time-dependent one-
body potential. Thus, in this model, a description of the dissipative processes
is strongly based on the single-particle level schemes in the two-center po-
tential well of a dinuclear system. Detailed calculations based on this model
for the '*La+1%Ag reaction [6] have shown that the excitation energy per
nucleon €* is smaller for the heavier reaction partner. At the same time, it



is known from the calculations of inelastic processes in nucleus-nucleus col-
lisions that appreciable energy dissipation takes place even before the first
crossing of the single-particle levels near the Fermi surface [7]. Therefore, it
is necessary to look for other possibilities ta explain an observed partition of
the excitation energy between reaction partners.

The important aspect of the description of a nucleon transfer and a ki-
netic energy dissipation is connected with an influence of the peculiarities of
the shell structure of the interacting nuclei on the correlations betwecen the
kinetic energy loss and the width of the fragment charge distribution. Indeed.
it was demonstrated in [1, 8-11] by analysing the experimental data for dif-
ferent reactions that these correlations are sensitive to the projectile-target
combination.

So, it is interesting also to investigate the effect of the shell structure near
the Fermi surface on the sharing of the excitation energy between fragments
of binary reactions. This is the aim of the present paper.

In fact, we will investigate an influence of the single particle level den-
sity near the Fermi surface on these characteristics. The calculations are
performed with the experimentally determined single-particle scheme of Ca
isotepes and with the single-particle scheme in which the level density is
doubled artificially. The proton and neutron separation energies remain con-
stant. In [12-14], we developed a microscopic approach to describe the loss of
the total kinetic energy and its partitioning between the reaction partners in
DIC. Using this model, we have succesfully described different characteristics
of deep inelastic reactions, such as the centroid positions and the width of
the mass and charge distributions as functions of the excitation energy and
partition of the excitation energy between the reaction product.

Comparing our model to the model [3], we should mention that in prin-
ciple the effect of the addition of relative and intrinsic nucleon mormenta can
be taken into account. In order to do this it is necessary to transform the
Hamiltonian into an intrinsic frame. Then, the additional terms depend-
ing on the velocity of the relative motion will appear in the Hamiltonian.
These new terms will contribute to the matrix elements of the single nucleon
transfer and, therefore, will influence the kinetic energy dissipation process.
However, this effect is not included in the present calculations.



2 Model

It is convenient to start with the total Hamiltonian of a dinuclear system
written in the form

H = Ha(R;P) + Hin(€) + 6V(R, ), (1)

where the Hamiltonian of a relative motion,

H.o(RiP) = — + V(R), (2)
consists of the kinetic energy operator and the nucleus-nucleus interaction
potential V(R). Here, R is the relative distance between the centers of mass
of the fragments, P is the conjugate momentum, and x4 is the reduced mass
of the syster; £ Is a set of relevant intrinsic variables. The last two terms
i (1) describe the internal motion of nuclei and the coupling between the
relative and internal motions (for details, see [12,13]). It is clear that the
coupling term leads to a dissipation of the kinetic energy into the energy of
internal nucleon motion. Our further consideration will be concentrated on
this term.

Let us take a sum of the last two terms in (1) as a single-particle Hamil-
tonian of a dinuclear system H plus a residual interaction,

[:[in(é) + 5V(R~£) = ﬁ(R(t), 6) + hresidualu
2

. A —h . R
HR(L) = z(m A,-+vp<n—R(t))+\.a~<ri)). 3)
i=1 =

where m is the nucleon mass and A = Ap+ A is the total number of nucleons
in the system.

Then, in the second quantization representation, the Hamiltonian 7:£(R(t), &)
can be written as

H(R(1), Zepapap + ZeTaTaT + }: Vie(R(t)afa,,  (4)
where
Vi(R()ata, = ¥ AT (R(t))atap + > AP (R(t))ata 5
Z i (R(2) it Z peil pap: rr(R(t))azar, +(5)
i PP T.T

S gpr(R(t))(afags + He.).
T.P



Here P = (np.jp,lp,mp) and T = (nr. g7, lr,m7) are the sets of quantum
numbers characterizing the single-particle state in an isolated projectile and
" target nuclei, respectively. The single-particle basis is constructed by the
asvmptotic wave vectors of the single-particle states of the noninteracting
nuclei—the projectile ion |P) and the target nucleus [T)—-in the form

Py = p-iy

- T

T) - 33 1PKP
=~ P

TP, (6)

3
I

7). (7)

For this basis set, the orthogonality condition is satisfied up to terms linear

in (P|T). Then

ASLAR(1) = (P|Vy(r)| P, (8)
ATLR(1) = (T|Ve(r - R()|T"), (9)
ge1(R(1) = 3(PIVo(x ~ R(1) + Ve(r)[T). (10)

The nondiagonal matrix elements AE,T}, (A(T];-),) generate the particle-hole
excitations in the projectile (target) nucleus. The matrix elements gpr are
responsible for the nucleon exchange between reaction partners. These ma-
trix elements were calculated using the method proposed in [15, 16]. In (4),
£p(r) are the single-particle energies of the nonperturbed states in the pro-
jectile (target) nucleus. The coupling between the intrinsic nuclear degrees
of freedom and the collective variable R is introduced by the R dependence
of the sum of the single-particle potentials in (3). Since the trajectory cal-
culation shows that the relative distance R(f) between the centers of the
interacting nuclei could not be less than the sum of their radii, the tail of
the partner single-particle potentials can be considered as a perturbation
disturbing the asymptotic single-particle wave functions and their energies.

It is convenient to include the diagonal matrix elements of Vie(R(2)) in
iy, introducing the renormalized R(t)-dependent single-particle energies

Er(R(1)) = ep + (P|Ve(r)] P), (11)
er(R(1) = ex + (TIVp(r — R())|T). (12)

Since explicit allowance for the residual interaction requires extensive
calculations, it is customary to take the two-particle collision integral into
account in linearized form (7-approximation).



To calculate the excitation energies of the reaction partners, we should
find the occupation numbers of the single-particle states in both nuclei. They
can be found by solving the equation for the single-particle density matrix 72
in the form [12,13]

n 20 ), 0] - L - A7 RO), (13)

where 1°4(R(t)) is a local quasi-equilibrium distribution, i.e., a Fermi distri-
bution with the temperature T'(¢) corresponding to the excitation energy at
the internuclear distance R(t). Substituting our Hamiltonian (4) into (13),
we get '

m-a%"t(t—) = > [Vi(R(1))i(t) — Vii(R(2))Rx(2)]

=
o5 *

- —[R(t) - AF()], (14)

where 7; is a diagonal and f1;; is a nondiagonal matrix element of the density
matrix. The approximate equation for nondiagonal matrix elements takes
the form

iﬁaﬁékt(t) = h {Qik(R(t)) - % ()

+ Vi(R(1)) [fe(2) — Ru(2)], (15)

where we have used the notations &y = [€; — &] /A.
Substituting the solution of the Eq. (15) into Eq. (14), we get

t
t—1i L] t—t
1 1 s 1

;

+ Xk:/dt'/d t' Qi (t', ") exp (t” — t) [Ax(t") — ﬁ.‘(t")]} ) (16)

Tik

where

Q,-k(t,t')—ﬁ—Re{ £(R(1))Vii(R(2')) exp {i/dt"d)k;(R(t"))]}. (17)



The formal solution of Eq. (16) is found by dividing the interval [ — ¢
into small steps At. The time step At used in the calculations is 0.8 - 1022
s which thus characterizes the time interval during which the Rvdep( ndent
mean field of the combined dinuclear system changes so little that we can
neglect the effect of this changing on the intrinsic motion. The results is

n(t+AL) = R (R(E+AL)) [1 — exp ( f)} +r,(t+ Al exp <%A1) . (18)

z
where

4+ At

LA e sin{wg (R{"))(t" — 1))
nlt A0 =R+ 2 / O TR,

(19)
Note that Eqgs. (18) and (19) present an integral equation for 7,(¢).
One of our aims is to calculate the ratio of the excitation energies of the
projectile-like ( E%) and target-like (E%) fragments

Rer = Ep/E;. (20)

The excitation energies Ep ) are calculated step by step along the time
scale using the equation

Epir)(t + At) = Epy(1)
+ Y [Epmy(R{E)) = Apery (R [Fipery (E + AL) — npry(t)]. (21)
P(T)

Total kinetic energy losses are defined as
Eloss = E;J + E;* (22)

As can be seen from Egs. (16) and (17), the occupation numbers depend
on an interaction matrix element Vi (R(¢)), which is a short notation for
xg;,, X(TI;), describing particle-hole excitations in projectile-like and target-
like nuclei, or g, which is responsible for nucleon transfer. Thus, we can
separately analyse the contribution of the two mechanisms—particle-hole
excitations and the nucleon transfer—to the kinetic energy dissipation.

The variances 0} and o} are determined by occupation numbers through
the equation

o2on() = S ap ()1 — ap(t)]. (23)
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3 Results and discussion

The well-known nonequilibrium sharing of the excitation energy between
fragments of the deep inelastic collisions was reviewed in [2]. The light and
heavy products of deep inelastic heavy ion collisions are distinguished by
the average energy distance between the single particle levels near the Fermi
surface: in a light fragment, this energy distance is larger than in a heavy one.
For this reason, on the average, the energy of the particle-hole excitation in
a light fragment is larger than in a heavy fragment. Due to this fact, it
is natural to assume that the main reason for a larger excitation energy
per nucleon in a light fragment is the larger energy interval between the
single-particle states in the light nucleus near the Fermi surface. Below,
we will check this assumption. In fact, to establish the influence of the
shell structure near the Fermi surface on nucleon transfer and the sharing
of an excitation energy between the fragments of binary reactions, we will
compare the results of calculations performed with the single-particle level
scheme of a light nucleus that are well-established experimentally with those
schemes which have an increased or decreased energy intervals compared to
the experimental ones. Since the nucleon separation energy remains to be
fixed. we can talk about variation of the single-particle level density near the
Fermi surface.

As an example, consider the *9*8Ca +2#Cm reactions. The calculations
are performed with the experimentally determined single-particle scheme of
Ca isotopes and with the single-particle scheme in which the level density
is doubled artificially. The proton and neutron separation energies remain
constant. The results of the calculations are shown in Figs. la and 2a.
It can be seen that R”/T decreases with the increase in the single-particle
level density near the Fermi surfaces of the projectiles at the given TKEL,
Eloss. The results of calculations for other combinations of the interacting
nuclei confirm this tendency. The grounds for characterizing the interacting
nuclei in deep inelastic heavy ion collisions by asymptotic single-particle level
densities came from the fact that the interaction time is not large enough to
reach complete equilibriation in dinuclear system before its decay. Thus, we
can conclude that a larger value of the excitation energy per nucleon in the
light fragment is explained by its lower single-particle level density near the
Fermi surface compared to a heavy fragment.

In Figs. 1b and 2b, we show the results of calculations of the charge
variance 0% as a function of the total kinetic energy losses performed with
different single-particle schemes for a light fragment. It can be seen that o2
increases more rapidly with increasing of excitation energy if a single-particle



level density of the PLF takes a larger value. This result is in a correspon-
dence wirh the experimentally observed influence of the shell structure on the
- correlation between the charge variance and TKEL [9, 11]. It was observed
that TKEL increase more rapidly with o in the 295PhL (7.6 MeV/A) 4 28ph
reaction than in the 2®Pb (7.5 MeV/A) + 2381 and 238U (7.4 MeV/A) +
238U reactions. In other words, at the same TKEL, ¢% is larger in reactions
with #*U than with 2®Ph. The single-particle level density near the Fermi
surface in ??3U is also larger than in 208Ph,

Now consider the influence of the scaling of a level density on the oc-
cupation numbers of the single-particle states in the interacting nuclei. In
Figs. 3-6, we shown the occupation numbers of neutron and proton single-
particle states calculated with the experimentally established (Figs. 3a-6a)
and compressed (Figs. 3b-6b) single-particle schemes of Ca while the single-
particle scheme of **Cm was not changed (Figs. 3c-6c). It can be clearly
seen that with an increase in the single-particle level density near the Fermi
surface, the transitional region from the occupied to the unoccupied states
becomes narrower. This means that the effective temperature characterizing
the single-particle occupation numbers in PLF is smaller for the larger level
density if the reaction conditions, including the bombarding energy, are the
same. For clarity, we have shown also the results of the approximate descrip-
tion of the calculated occupation numbers by the smooth Fermi distribution
function with temperature fixed to get a better fit (Figs. 3a-6a). A decrease
in the effective temperature characterizing the nucleon occupation numbers
in the reaction products with an increase in the single-particle level density
near the Fermi surface is just in correspondence with the results demon-
strated in Figs. 1-2. The calculations are done for two projectile-target
combinations, “**Ca + **Cm. In these cases, the projectiles differ by the
positions of the chemical potential. Note that the lowest single-particle levels
in #*¥Cm were not included in the calculations because of the small changes
of their occupation numbers. They are not presented in Iigs. 3c-6¢c. Thus,
a density of the single-particle levels near the Fermi surface plays a crucial
role in a generation of the excitation energy of nuclei.

Closing this section consider some other effects of the shell structure. It
is clear that peculiarities of shell structure depend on the neutron numbers.
For example, the proton separation energy in *°Ca and *8Ca are differed
significantly, 8.329 MeV and 15.807 MeV, respectively. To see this effect it
is interesting to compare of the values of RP/T presented in Figs. la and
2a for **Ca 4+2Cm and *®Ca +2*8Cm reactions. The additional neutrons
in **Ca lead to an increase of the ratio R¥/T for a given value of the total
excitation energy. It correlates with the result obtained in [14] that neutrons
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Figure 1: The dependences of the ratio R¥/T (a) and the charge variance o2
(b) on Eiyss for the *°Ca 4+ 2#8Cm reaction, calculated with realistic single-
particle schemes (solid curve) and with the single-particle scheme of the light
fragment whose single-particle level density near the Fermi surface is doubled
(dashed curve). Nucleon separation energies are the same in both cases.
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Figure 2: The dependences of the ratio R¥/? (a) and the charge variance o%
(b) on Ejyss for the **Ca + 2%8Cm reaction, calculated with realistic single-
particle schemes (solid curve) and with the single-particle scheme of the light
fragment whose single-particle level density near the Fermi surface is doubled
(dashed curve). Nucleon separation energies are the same in both cases. For
comparison the dependence of the charge variance 0% on E,,, for the *°Ca
+ 2%8Cm reaction, calculated with realistic single-particle schemes (dotted
curve), is presented.
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Iigure 3: The calculated dynamical (solid curve with triangles) occupation
numbers as functions of the neutron single-particle energies in the light frag-
ment for the **Ca+2*8Cm deep inelastic collision. The results are obtained
with the realistic (a) and compressed (b) the single-particle scheme of (a
while the single-particle scheme of ##¥(m (c) was not changed. Approximate
description of the occupation numbers by the Fermi distribution function
with temperature is given by the dashed curve with stars. For these quan-
tities, the right ordinate axis is used. For completeness the degeneracies of
the single-particle levels are shown by dotted curves with stars {(left ordinate
axis).
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Figure 4: The same as in Fig. 3, but for the proton subsystem in the
40Ca+2%Cm reaction.
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get more excitation energy than protons. Therefore, an increase of a number
of neutrons in a projectile leads to an increase of the ratio B7/7T

Another effect of an increase of a neutron number of projectile is seen
in a correlation between the charge number variance. o5 and TKEL (Fig.
2b). The curve describing dependence of 0% on TKEL for reaction with 0C'a
15 lower than the curve for *#Ca 4+ 8! reaction at the large TKEL. This
result is in a qualitative agreement with the experimental data obtained for
the reactions under consideration [17]. This effect can be explained by a
difference in the proton separation energies of C'a and *¥Ca. The proton
separation energy for ®Ca (Sp = 15807 MV ) s larger than for *'Ca (Np =
8329 MeV). Tt neans that "Ca Lhas more bound states of protons than (4.
So. during deep inelastic collisions the *#¥Ca can exchange by a larger number
of protons with the target nucleus **Cm than *°Ca. The similar results was
observed i reactions with 23 as a target and 1.1 Ee.0 BCa and °Ca as
projectiles (IMig. 10. in [17]).

4 Conclusion

We have investigated the influence of the single-particle level density of the
PLEF near the Fermi surface on the ratio of the excitation energles of the
light and heavy fragments in DIC. Tt is shown that a two-fold increasing the
single-particle level density of the PLF {the single-particle level scheme of the
TLI remains unchanged) decreases the ratio of the excitation energies of the
light to heavy fragments by approximately 1.5 times. Since light fragments
have smaller single-particle level densities near the Fermi surface than the
heavy ones, we consider this result as an indication of the possible reason
for the well-known experimental fact that the projectile-to-target excitation
cnergy ratio is significantly larger than the ratio of their masses. as is expected
according to thermodynamical arguments. It is shown also that the difference
in nucleon separation energies of *°C'a and *3Cla effects on the ratio of the
excitation energies of projectile- and target-like fragments, R¥/7 and the
correlation between the charge number variance, o%. and TKEL.

The authors (G.G.A., R.V.J., and AN thank the Russian Foundation
of Basic Research (Grants No. 97-02-16030 and No. 90-15-96729) for the
financial support.
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HOxonoc P.B. u ap. E4-98-281
Bnuauue o6onoueunoii CTPYKTYPbl Ha AHCCHNALMIO HEPIHH
B CTONIKHOBEHHSX TAXEABIX HOHOB

B mukpockonuyeckom nomxone AHATM3HPYETCS BIUsHHE 06ONOYe HOM CTPyK-
TYpbl Ha pacrnipeenieHHe IHEpIrHH Bo3GYXaeHus MEXIy MpomykTamM rnyGokoHey-
Pyrux cronkHosenui. [okasano, 4To oTHOWE HKe SHEprHii BO30yxaeHHs pparmenTos
ONPEACNAETCS MIOTHOCTAMH OOHOYACTHYHBIX YPOBHEH NPOTOHHBIX M HEATPOHHBIX
MOACHCTEM BOMU3H (10BEPXHOCTH DepMu Ha HavanbHOI cTazuu CTONIKHOBEHHS.
IlokasaHo, yto o6onoueunas CTPYKTYpa BIMSET HAa KOPPENSALHIO MEXIy IHPHHOMR
3apAlOBLIX pacrnipene/ieHHit M noTepeil NOMHON KMHETHYECKOd SHepruu. Pacyern
BbIMIOTHEHBI Ul peakuMit 40‘48Ca+248Cm‘ Honyuennsie pesynprarsi YKa3bIBalOT
Ha BOSMOXHYI0 NIPHYHHY KOHUEHTPALIHH SHEpIuM BO3Oyxuenus B nerkom ¢parmen-

Te, HabnlogaeMoii B myGokoHeynpyrux CTOJIKHOBEHHAX B LUHPOKOM AHANA30He [0-
TEpb NOJIHOH KHHETHYECKOii SHEPIHA.

Pa6ota Buinonnena s JlaGoparopuu Teopernueckoii du3nku um. H.H.Boromo-
6osa OUSH.
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Jolos R.V. et al. E4-98-281
Effect of Shell Structure on Energy Dissipation
in Heavy-lon Collisions

The effect of shell structure on the distribution of the excitation energy be-
tween fragments of the deep-inelastic collisions is analysed in the microscopic
approach. It is shown that the density of the single-particle levels of the proton
ind neutron subsystems near the Fermi surface determines the ratio between
he excitation energies of fragments at the initial stage of the collision. It is shown
ilso that the shell structure strongly influences the correlations between the width
of the charge distributions and the total kinetic energy losses. Calculations are

serformed for the 40’48Ca+248Cm reactions. The results obtained suggest
1 possible interpretation for the observed concentration of the excitation energy

n the light fragment in deep-inelastic collisions for a wide range of the total kinetic
:nergy losses.
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