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Friction coefficient for deep-inelastic heavy-ion collisions
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Based on the microscopic model, the friction coefficient for the relative motion of nuclei in deep-inelastic
heavy-ion collisions is calculated. An advantage of the suggested method is that it allows one to consider the
relative motion of nuclei and the intrinsic motion self-consistently. The radial dependence of the friction
coefficient is studied and the results are compared with those found by other methods. It was demonstrated that
the kinetic energy dissipation in deep-inelastic heavy-ion collisions is a gradual process which takes up a
significant part of a reaction time. A decrease of the radial friction coefficient with a heating of nuclei is shown.
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[. INTRODUCTION smearing width, was introduced to take into account the ef-
fect of finite collision time and finite decay time of particle-

Nuclear friction is an important ingredient of theoretical hole excitations. The last was taken into account by those
approaches to a variety of nuclear physics phenomena, suetuthors adopting the cutoff procedure obtained ffd®)] to
as dynamic thresholds for compound nucleus formatiorreevaluate the friction coefficients for deep-inelastic colli-
[1-5], enhancement of neutron emission prior to fissionsions microscopically in the framework of the linear re-
[6,7], width of mass and charge distributions in deep-sponse theorf17]. The results were sensitive to temperature
inelastic heavy-ion reactiori§], and the width of giant reso- of nuclei.
nances[9]. There are many experimental results on deep- Some of the models do not include nucleon exchange and
inelastic heavy-ion collisiongDIC’s) and fusion-fission consider only particle-hole excitations with both the particle
reactions which need the introduction of the nuclear frictionand the hole belonging to the same nuclglf or vice versa
concept for their interpretation. This stresses the importancgl0]. The models also differ in the approximations they use
of understanding the nature of nuclear friction. for including the finite decay time of one-particle—one-hole

The present paper is devoted to calculations of the frictio(1p-1h excitations in more complicated configuratiof@p-
coefficient for DIC's. Its appearance is stimulated not only2h, and so on Many approache$12,14,19,20 implicitly
by the possibility to perform more exact calculations thanuse the statistical assumption of rapid equilibration of the
earlier, but also by the new experimental results which renoncollective intrinsic degrees of freedom and therefore are
quire a more detailed microscopic theory for their interpre-not applicable to the description of the initial phase of the
tation than was necessary before. reactions where the main part of kinetic energy dissipation

Different theoretical approaches to this problem aretakes place.
known. The majority of them are based on the assumption The contribution of the actual 1p-1h state or more com-
that the dissipative mechanism is of a one-body ndtlife-  plicated ones to the dissipation process depends on the occu-
12]. These models differ in the structure of the intrinsic ex-pation numbers of the single-particle states and their evolu-
citations that are taken into account. The friction is arisertion during the reaction. However, in the calculations of the
from scattering of the nucleon in one nucleus with the mov-nuclear friction coefficient performed up to now, the statisti-
ing one-body potential of the other nucleus. The applicatiorcal assumption on the excitation energy distribution is real-
of the independent-particle model to calculate entrance charized in the usual way, meaning the introduction of tempera-
nel dynamics was discussed in linear response theorjure and correspondingly, of the Fermi occupation numbers
[13,14. In frame of validity of the presented method the at the very beginning of the reaction. In principle, tempera-
calculated total kinetic energy loss was poor. The main colture introduced in this way is a time-dependent quantity.
lective modes which were responsible for dissipation of relaHowever, in practice, a change of temperature and evolution
tive energy and the problems of relation between cutoff timeof the relevant collective variables, i.e., relative distance and
and relaxation times were explored as well. The same onadeformation in[17] and elongation in21], are not self-
body mechanism of dissipation was used 18] for the mi-  consistently considered. A dependence on temperature is
croscopic calculations of the friction coefficient for radial studied when the collective variables under discussion are
and deforming motions adopting the linear response theorfixed or vice versa. It is clear that the self-consistent calcu-
discussed above. The main difference was in the use of thations are impossible in the frame of these models because
two-center shell model. It was found that this model gave ahey do not consider an intrinsic excitation explicitly. So the
physically plausible value for the friction coefficient as atemperature must be considered as a measure of response of
whole. The dependence of the friction coefficients on thea system to an effect of external forces.
cutoff time, on the deformation and mass asymmetry of Thus, the time dependence of the single-particle occupa-
nuclear system were presented. A free paramEtess the tion numbers was not taken into account. Only in the ap-
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proach based on the dissipative diabatic dynaniizBD) Neglecting at the moment the residual nucleon-nucleon
[22,23 was the evolution of the single-particle occupationinteraction, whose effect will be included later, we take a
numbers taken into account, but under the assumption afum of the last two termd) as a single-particle Hamiltonian
diabaticity. There are some doubts, however, about the vasf a dinuclear system
lidity of the DDD concept. It is also known from the calcu- R R .
lations of inelastic processes in nucleus-nucleus collisions Hin(é) + 6V(R, &) =H(R(t), &) + Nresiguan
that appreciable energy dissipation takes place even before A
the first crossing of the single-particle levels near the Fermi N —h? ~ -
surface[24], HIR(D]=2, | - A+ Vel —RO1+ V() |, (3)
We should also mention the approach suggestg@5h
where relative and intrinsic motion were consistently treatedvhere m is the nucleon mass anll=Ap+A; is the total
in a time-dependent theory of heavy-ion collisions. The aunumber of nucleons in the system.
thors presumed neither weak coupling between the relative Then, in the second quantization representation, the
motion and the intrinsic excitations nor the canonical distri-Hamiltonian(R(t),&) can be written as
bution function for the density operator of intrinsic motion.
However, the analytical expressions for the friction tensor A N 4
and other characteristics of the energy transport obtained in H[R(t)f]:; epap aP+Z erarar
[25] were not applied to calculate them.
Thus, it is the aim of the present paper to take into ac-
count the time evolution of the single-particle occupation +,2,, Vi (R(t)a"a, )
numbers during the reaction by numerical solution of the "
master equation for them and, based on this result, to pewhere
form calculations for the friction coefficient. Since the occu-
pation numbers found in this way correspond to the current 3 o ) +
kinetic energy losses, this means that the relative and intrin- ; Vir[R(D]a' @ = 2 App[R(1)]asap
sic motions are considered self-consistently. Our model
makes it possible to take into account explicitly the influence (P) +
of the nuclear shell structure on the collision process. More- +T§T: ArplR(t) Jarar
over, we improved the single-particle approximation by a
phenomenological allowance for the residual interaction
which is treated in the so-calledapproximation. The radial
friction coefficient is calculated as a function of the mass and
charge of the reaction participants. ®)
The general formalism is given in Sec. II. The results ofHere P=(np,jp,lp,mp) and T=(ny,j7,l7,m;) are the

the calculations are presented in Sec. Ill. A summary is giveRets of quantum numbers characterizing the single-particle
in Sec. IV. state in an isolated projectile and the target nuclei, respec-
tively. The single-particle basis is constructed from the
Il. BASIC FORMALISM asymptotic wave vectors of the single-particle states of the
noninteracting nuclei—the projectile id®) and the target
It is convenient to start with the total Hamiltonian of a nucleus|T) in the form
dinuclear system written in the form

PP’

"’TEP ger[R(D)](apar+H.c).

- 1
- . . P)=IP)= 52 [TXTIP), (62)
H=H(R;P)+ Hin(§) + 6V(R,§), () T
~ 1
where the Hamiltonian of a relative motion, [T)=|T)— 52 |P){P|T). (6b)
P
- P2 For this basis set, the orthogonality condition is satisfied up
Hre(RiP)= 5+ WR), (2 to terms linear inP|T). Then
M
App [R(D]=(P|V1(N)|P"), (7a)

consists of the kinetic energy operator and the nucleus-

nucleus interaction potentidh(R). Here, R is the relative AP IR I=(TVelr —R®]|T'), (7h)
distance between the centers of mass of the fragmerits,
the conjugate momentum, andis the reduced mass of the
system;¢ is a set of relevant intrinsic variables. The last two
terms in Eq.(1) describe the internal motion of nuclei and
the coupling between the relative and internal motilos ~ The nondiagonal matrix elememeg), (A(TF;),) generate the
details, se¢26,27). It is clear that the coupling term leads to particle-hole transitions in the projectile@arge} nucleus. The

a dissipation of the kinetic energy into the energy of internalmatrix elementsgp are responsible for the nucleon ex-
nucleon motion. change between reaction partners. These matrix elements

1
gPT[R(t)]:§<P|VP[r_R(t)]+VT(r)|T>' (70
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were calculated using the approach proposef28129. In  occupation numbers. The importance of this point was al-
Eq.(4), ep(r) are the single-particle energies of nonperturbedready stressed ifil4]. At the same time, new experimental
states in the projectilétarge}l nucleus. The coupling be- data indicate that the assumption of the fast statistical equili-
tween the intrinsic nuclear degrees of freedom and the cobration of the excitation energy during the collision time, i.e.,
lective variableR is introduced by thék dependence of the an introduction of a time-dependent temperature and Fermi
sum of the single-particle potentials in E). Since the occupation numbers is not adequate for the physical picture.
trajectory calculation shows that the relative distaf{¢) As already mentioned in the Introduction, the calculations of
between the centers of the interacting nuclei could not beygg performed up to now have been done under the assump-
less than the sum of their radii, the tail of the partner singletion that the occupation numbers can be taken as the Fermi
particle potentials can be considered as a perturbation disccupation numbers

turbing the asymptotic single-particle wave functions and 71

their energies. nj={1+exd(Ej—\)/O]} ",

It is convenient to include the diagonal matrix elements 0fwhere® is the temperature corresponding to the total exci-
Vii:[R(t)] in H;,, introducing the renormalized P n g

R(t)-dependent single-particle energies tation energy of a dinuclear system. To find the time-
dependent occupation numberg(t), we developed in

[26,27,32 a method which is described briefly below for

completeness of the presentation.

- Since explicit allowance for the residual interaction re-

er[R(D]=e7r+(T[Vp[r—R(D]|T). (80 quires extensive calculations, it is customary to take the two-

particle collision integral into account in linearized form (

. . . . ; . approximation. Then, the equation for the single-particle
ing nuclei, the velocity of their relative motion can be con- bp . q gle-p

sidered as a small quantity compared to the Fermi velocitydensity matrixn takes the forni26,27,33

Then the speed of the nucleons is mainly associated with aﬁ(t) .

their intrinsic motion. Since the relativeollective motion ; g Tl PPN S

is rather slow compared to the intrinsic one, the perturbation K ot ={HROLNMO} T {n(®=n*ROT}

of the intrinsic motion produced by changing the coupling to 1y

the relative motion R) can be assumed to be small during -

some small time intervaht of an arbitrarily chosen time¢  Wheren®{R(t)] is a local quasiequilibrium distribution, i.e.,

[14]. The small parameter in our consideratidhthus char- @ Fermi distribution with the temperatufgt) corresponding

acterizes the time interval during which the-dependent to the excitation energy at the internuclear distaf¢).

mean field of the combined dinuclear system changes s@ubstituting our Hamiltoniai@) into Eq. (11), we have

little that we can neglect the effect of this changing on the -

intrinsic motion. At the same time, the characteristic time ihﬁni(t) _

At cannot be taken smaller than the relaxation time of the at

mean field. The situation described above is suitable for ap-

plying the linear response theory to a description of dissipa-

tive heavy-ion collisiong14]. For this reason, we start from

the expression for the friction coefficient of the radial motion _

obtained in that approadi4], wheren; is a diagonal matrix element of the density matrix.
The approximate equation for nondiagonal matrix elements

ep[R()]=ep+(P|V(1)|P), (83)

When the nuclear forces begin to act between the collid

g (Vi RO TNG(1) = Vig[R(D Ty (0)}

ih -
— S [m®=nAb], (12)

Vi(R)[2
ang(t) ~ 2i ]~
2 (t (t'—t)" t'—t if pn =f wik(R(t))__T-k Ni(t)
(M) — — ' |
Bik (t)_hJAt*A dt n! eXF{ Tik )

VRO -Mi(H], (13
xsifo[RE I () = nit)], where we have used the notationg=[z;— & ]/%.
(10) Assuming incoherence in the phases of the nondiagonal

) o matrix elements, we use the following approximation to sim-
whererj; = 77 /(7;+ 7); 7; is the parameter describing the plify Eq. (13):

damping of the single-particle motion. The expression for

7; is derived in the theory of quantum liquifi30,31] (see the

Appendix; fiw;; = ¢;(R) — ¢ ;(R) is the energy of the single- % Vk"[R(t)]nk’k(t)_; Vi RO (1)

particle transition in one of the nuclei as well as between the

interacting nuclei. The important ingredients of this formula ~Vi[R(O)J[nk(t) —ni(t)].

are the occupation numbers of the single-particle states

N;(t). Since the excitation energy of the interacting nucleiAs formulated above, we shall consider the solution of Egs.
changes significantly during the course of the collision, it is(12) and (13) for a small time intervalAt of an arbitrarily
necessary to take into account the time dependence of tr@hosen timé. Then the solution of Eq13) can be written as
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~ — 1 (¢ i
nik(t):EJt dt’ Vi [R(t")] £ 10k
é 10 3‘ E
xexp[if dt’| [R(t”)]+— " :
Tik = 10 2;‘ -~ E
_ ~ s i -

X[t =i, (14 = 10!
wheret<t<t+At. Substituting this result into Eq12) and = 1t
transforming this equation to an integral, we obtain Z i

5 10 7'
~— t— > _zf i
ni(t)=ex T 10 "g™10 12 14 16 18 20

R (fm)
t'—t
_ e
[n )+ f dvnFR(’ )]exi{ ) (15) FIG. 1. The radial friction coefficient calculated according to the
present model for the approach phase of deep-ineld&fin(440

MeV) + 19t collision as a function oR (solid curve. Presented
+E f dt’f dt”Q; (t',t")ex

[n (1) for comparison are results of the classical model calculations by
Gross and KalinowsKi33] (dashed curve with starsthe results of
the microscopic model developed][iti7] obtained with a fixed tem-
—ﬁ-(t”)]] (16) perature of the nucleé® (long-dashed curved =2.0 MeV; dashed
! ’ curve,®=1.0 MeV; dotted curve -©® =0.5 MeV).

where be equal t00.8-1.0xX10 %2 s
2 The relative motion equations for the internuclear dis-
Qu(t,t)= ﬁRe{ Vi [R(OIV[R()] tanceR(t) and the conjugate momentuR{t),
. R=Vp(Hyert (tVint)), (19
xex;{if,dt”wki[R(t")]H.
t P=—Va(Hat (t|Vinlt)), (20)

The formal solution of Eq(15) is

F{At
1—ex
I

where(t|- - - |t} means averaging over the intrinsic state at
( Tex p(—At) the momentt and the single-particle occupation numbers
+ni(t ,

n;(t), Egs.(17) and(18) have been solved numerically. This
(170  transforms the differential equations into finite difference
equations with the time stept, and the initial conditions

R(0)=20 fm andn;(0)=1 or O for occupied and unoccupied
. T states of the noninteracting nuclei, respectively. Matrix ele-
n(t) =N+ f dt’ Qi (t',t") mentsAl),, AL, andgpr are calculated using the proce-
k t .
dure developed if26,27.
sin{Z)ki[R(t ) =1} ~ The descriptio_n of th_e relative_ motio_n erends on the
= [Nt =ni(t"]. nucleus-nucleus interaction potential, which is determined by
wi[R(t")] a double folding of the effective nuclear and Coulomb inter-
(18 actions of the nucleons with the nuclear densities of the in-
teracting nuclei. Because of nucleon exchange and particle-
In fact, Egs.(17) and (18) present an integral equation for hole excitations, the nuclear densities of the colliding nuclei
ni(t). evolve during the reaction and the nucleus-nucleus potential
correspondingly changes. This effect is included in our cal-
IIl. RESULTS AND DISCUSSION culations. . .
As an example of the calculations, we present the radial
In this section, we present the results of the calculationgriction coefficient for the®Zn(440 MeV) + °%Pt collision
of the radial friction coefficient and the kinetic energy lossesin Fig. 1 as a function oR for the approach phase of the
as functions of the internucleus distance for trajectories correaction(solid curve. The results of the classical model cal-
responding to DIC. The initial projectile energy, atomic culations of Gross and Kalinowsk83] (dashed curves with
masses, and charges of the colliding nuclei are the initiatarg are shown for comparison, together with the results of
information used in the calculations. The single-particle pothe calculations based on the microscopic model developed
tentials of the colliding nuclei are taken in the Woods-Saxonin [17], which are obtained with a constant temperature
form with the parameters,=1.18 fm anda=0.54 fm. The (dashed curves without star§he last curves correspond to
characteristic time parametat introduced above is taken to different temperatures, which increase from 0.5 Mét-

n(H)=nR(1)]

i

where
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FIG. 2. The radial friction coefficientggzr as a function oR for

o 10 U530 o4 o R o o, 1., DTSt o o i ey o s
the 64Zn(440 MeV) + %Pt reaction. y

[32] realized with the coderasec[33] for the #4Zn(440 MeV) +

- 196pt reaction. The solid and dashed arrows indicate the moment
tom curve to 2 MeV (upper curvgin Fig. 1. It can be seen ., reqponding to the turning point of the trajectory in the present
that the difference between our results and the result83}f  5nq the classical model calculations, respectively.

increases with the increase in the overlapping of the colliding

nuclei. Comparing our results with the resultd d7], we can R for both the approactsolid curveé and exit(dashed curve
see that our radial friction coefficient increasingly coincidesstages of thé*Zn(440 MeV) + °%Pt and>Feg(480 MeV) +
as R decreases. This is caused by the fact that our matriX%%pp reactions. It can be seen thafs takes a smaller value
elements of the nucleon intrinsic transitions are larger thafor the exit stage in comparison with that of the approach
ones in[17] at small values oR. Notice, in particular, the one. This result demonstrates the decrease in the radial fric-
gualitative difference in the calculation methods. In the well-tion coefficient with heating of the nuclei. Such behavior is
known classical case presented &3], the shell structure of in contrast to that obtained {fL7] in the coherent term ap-
the interacting nuclei is not taken into account.[7], the  proximation(dashed lines in Fig.)1 The effect of the shell
shell structure was included into consideration, although ikstructure and heating of nuclei can be seen in comparison
was assumed that the intrinsic states do not change over tinFggs. 2 and 3. It is interesting that for the secott&e(480
and the single-particle occupation numbers are characterizegeV) +2%phb reaction, the difference between values of
by a fixed temperature. In contrast [tb7], our method al- . for the exit and approach stages is larger. This effect is
lows us to include the time dependence of single-particleexplained by the difference in the single-particle level
occupation numbers in the consideration and avoid the avekcheme of the nuclei participating in the reaction, namely, by
aging procedure which makes it impossible to perform cong difference in the energy gap between the occupied and
sistent calculations of the evolution of the collective and in'unoccupied |eve|sy which is |arger ﬁqub than inlgGPt’ and
trinsic variables. in 5%Fe than in®Zn. With the temperature increase, the en-
To demonstrate the importance of the shell EﬁeCtS, W%rgy gap between the Occupied and unoccupied Sing|e_
perform the calculations for two reactions in which nearly particle states is smoothed out. As a result, the excitation
the same number of nucleons are included. In Figs. 2 and @nergy per particle transition becomes smaller. It decreases
the radial friction coefficientyrg is given as a function of  the friction coefficient compared to those at lower tempera-
ture. However, the temperature increase should be compa-
L rable with the energy gap to produce the effect.
| To illustrate the dynamics of the relative motion, we dem-
1 onstrate in Figs. 4 and 5 the dependence of the total kinetic
] energy losses on the current time of the collision
[R(t=0)=20 fm]. The calculations are done in the frame-
work of our model(solid curve and based on the classical
model of [33] realized with the codaRAJEC [34] for the
3 64Zn(440 MeV) + °%Pt and 5Fg(480 MeV) +2%Pb reac-
: tions, respectively. The solid and dashed arrows indicate the
moments corresponding to the turning points of the trajecto-
ries in our model and in the classical model calculations,
respectively. It can be seen that, in contrast to the results

10 11 12 13 14 15 of the classical mod€l33] calculations, where the majority
R (fm) of kinetic energy is dissipated at the very beginning of
the reaction during a short time interval of the order of
FIG. 3. The same as in Fig. 2 but for ttéFg480 MeV) + 0.4x10 ?!s, in our model, this process takes a significantly
208 reaction. larger time. According to the classical model, the absence of
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FIG. 5. The same as in Fig. 4 but for tH&F€(480 MeV) + FIG. 6. Correction to the nucleus-nucleus intera(_:t_ion pot_ential
208ppy reaction. generated by a rearrangement of the nuclear densities during the
approach phase of the reaction for the collision®8{i(320 MeV)
+ 20%pp,

correlations between the nucleon exchange and the total ki-

netic energy losses leads to intensive energy dissipation ariabn of the relative distancR. It can be seen that the correc-

the small nucleon exchange simultaneously. An applicatiofion to the sudden approximation, produced by a dynamic

of this classic model to calculate the charge variamgavas ~ rearrangement of the particle distributions in the interacting

unsuccessfu[8]. The friction coefficient obtained ifi33]  nuclei, is comparable to the depth of the pocket in the

significantly exceeds our friction coefficient where the inter-nucleus-nucleus potential, particularly in the case of massive

acting nuclei strongly overlapped. The shortness of the chamuclear systems. Thus, taking this effect into account, we can

acteristic time for the kinetic energy dissipation is explaineddetermine the dynamic critical value of the orbital angular

by the large values of the friction coefficient used in themomentum, which is usually used together with the width of

classical phenomenological modglig. 1). the angular momentum distribution as input information to
In contrast to the results of the classical model calculastudy a behavior of the compound nucleus formed in a col-

tions, which support the idea of fast kinetic energy losses antision. It is well known that the mean value and width of the

thermalization of the excitation energy at the beginning ofcompound nucleus angular momentum distribution is a cru-

the reaction, our calculations support the idea of a graduagial parameter for statistical models.

kinetic energy dissipation. This conclusion is in line with the

results of analysis of mechanism of very heavy-ion collisions IV. SUMMARY

[35]. Kinetic energy of the relative motion is found to be

dissipated as nucleons are exchanged, indicating that tr}e In cong:lusmn, Wf‘ have calculated tgel f”fCtLO” coefﬂmentf
time scales of both processes are similar. or DIC, based on the microscopic model of the structure o

The effect of the redistribution of the particles over the the colliding nuclei, and thereby avoid the assumption of a
single-particle states is considered to be a response of the

nuclei to the relative motion. That appears as friction and in 45—

the dynamic change of the nucleus-nucleus potential. In Fig. —_ I

6, we show correction to the nucleus-nucleus interaction po- -

tential generated by the rearrangement of the nuclear densi- =

ties during the approach phase of the reaction for the colli- d

sion of ®Ni(320 MeV) + 2%Pb. An expression for this =

[

g

e

3

>

correction is obtained early as an effect of multinucleon
transfer{ 36,27] and particle-hole excitatiorj27] on the rela-

tive motion due to the coupling ter(®). It can be seen that
the correction increases in absolute value with a decrease of
the internucleus distand®. This dynamic effect can be im-

N

[

(@)
T

portant when calculating massive nuclei collisions where

Z,-Z, is large and the pocket in the nucleus-nucleus poten- BT T T 1r 15

tial is too shallow to provide for the capture of nuclei in the R (fm)

entrance channel. The nucleus-nucleus interaction potentials

found by the sudden approximati¢dotted ling and those FIG. 7. The nucleus-nucleus interaction poteriéR) obtained

calculated with the dynamic correctié¢dashed ling which i the sudden approximatiofdotted ling and with the dynamic
is discussed just above, are shown in Fig. 7. The availablgorrection(dashed lingpresented in Fig. 6. An available energy of
energy of a relative motion, which is equal to the differencethe relative motion E.,,— TKEL) is given as a function of the
between the initial kinetic enerdi, , and the total kinetic relative distanceR (solid ling) for the ®*Ni(320 MeV) + 2%%pPb
energy los§TKEL), is also presentetkolid line) as a func-  reaction.



56 FRICTION COEFFICIENT FOR DEEP-INELASTIC ... 379

fast statistical equilibrium of the dissipated kinetic energy.where

Our results demonstrate the importance of considering the

friction coefficient as an exact dynamic function of the / Ex (1)

single-particle occupation numbers. The decrease in the ra- O()=3.46 (Ac(D))

dial friction coefficient with the heating of the nuclei has

been shown. Such behavior is in contrast to that obtained iis the effective temperature determined by the amount of
[15]. We have demonstrated that the kinetic energy dissipaintrinsic ~ excitation ~ energy Ef=Ex@+E:MN;

tion in DIC is a gradual process which takes up a significant A, (t))=(Z(t)) +(Nk(t)), (1) , and EL(®)(t) are the

amount of a reaction time. mass number, chemical potential, and intrinsic excitation en-
ergies for the proton 4=2Z) and neutron ¢=N) sub-
ACKNOWLEDGMENTS systems of the nucleus§(K =P, T), respectivelyfor details,

seg[26]). Furthermore, the finite size of nuclei and the avail-
le difference between the numbers of neutrons and protons
eed to use the following expressions for the Fermi energies
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2 Ny¢)—(Z
eMN =g, 1+§(1+2f’)<K>A—<K>, (A2)
APPENDIX : (Ak)
The value of 7, is calculated using the results of the Whereez=37 MeV,
theory of quantum liquid$30,31] 9
1 2 1 fe=fin— W@(fin_fex)’
—a = amr | (k= 9%+ 5 (fk+9)°
7" 3her, 2
-1 fe="fin— W(fi’n_féx)’ (A3)

X[(mO)2+ (g, =N

AN -3,
+ —_—
1 exp( 0,

and f;,=0.09, f;=0.42, f,=—2.59, f,,=0.54,g=0.7 are
(A1) the constants of the effective nucleon-nucleon interaction.
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