





' 1. Introduction

The time evolution of a dinuclear Asysten’l is described usually in the framework of the
transport model. In this approach the time dependence of the probability Pz(4j(t) to
find a system at the moment ¢ in the state with the charge (mass) asymmetry Z(A)
is descrlbed by the master equation ' o - G

aPZ(A)(t) - | | |
___at___ = A(Z+1(A+1)PZ+1(A+1)(t)+AZ —1(A- I)PZ -1(A~ 1)()
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Tlansport coefficients AL 2 A) characterize the probablhty of the nucleon transfer from
‘a heavy to a light nucleus (A(Z(L)) or-in the oppasite direction ( Z( A)). To srmphfy the
- notation in the following, we will write Z instead of Z(A) having in mind that charge
and mass evolutions are described analogously. In !) the following parameterization

has been suggested for the transport coefficients

ASy = soexp{[U(Z) - U(Z — D}/27)
Ay = soexp {[U(2) - U(Z + 1)}/2r) . @)

Here sy is a constant characterizing the time scale, 7 is the temperature of the d’xmrclear
system which can be expressed through the excitation energy of the system Bt in thev
Fermi gas approximation by the expression 7 = m where a = (Ap+ A7) /8 MeV.
Here A p 4nd A7 are the mass numbers of the light and heavy fragment. The excitation-
energy I} depends on the kinetic energy of the projectile and the otbital momentum !
of collision. The potentral energy of the dinuclear system U(Z) whrch is a function of
the llght fragment charge Z completely determines the evolution direction dependlng,
on the position of the mject)on point with respect to the Busrnaro Gallone maxxmum
The parameterization (2) uses the macroscopic charaéteristics cf the system In ~
the phenomenological models the potential energy is taken as a sum of the liquid drop
eaergy, the shell correction term which decreases with increasing the excitation energy

and the nucleus-nucleus interaction energy,
U(Z) = ULp(Z) + Usu(Z) exp(= E{ [ Bo) + Umi(Z, R). @) -

The parameter Ey characterizes the exponential decrease of the shell correction term .

with increasing the excitation energy Ej. The nucleus-nucleus interaction potentral
Uint(Z, R) includes the Coulomhanithemucleantenms The nuclear part of U,,,t(Z R)
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can be taken in the well known proximity form ?). Hear*R is the distance between the
centers of interacting nuclei. For heavy systems and the small values of ! the influence
of the rotational energy is negligible %). .

The dependence of the macroscopic nucleon transition probabilities A(Ziv) on Z is

determined under the assumption that the nucleon can be transferred into any single

particle state favoured by the energy conservation. In this approach, the shell effects

are included into A(Zi) only through the nucleon separation energies. The structure
of the single particle spectra is not taken into account although it is known fr;om' the
experimental data that it plays an important role in some -cases. For instance, in
the charge and mass distributions of the reaction ‘products there are local maxima
corresponding to the closed shell nuclei 43). Based on the knowledge of the potential
energy surface it is not always possible to explain the increased production of the light
nuclei *He, 2C, N and 60 in deep inelastic heavy ion collisions. It means that
‘during the collision the individual properties of the colliding nuclei are conserved and
the shell effect plays an essential role. For this reason only the microscopic approach

can be used as a basis to treat these effects.

2. Microscopic calculations’_ of the driving’ notential

The main mgredlents of the mrcroscoprc model of deep 1nelast1c colhslons are the

realistic smgle particle level scheme, nucleon separatlon energy, srngle particle matrix

elements of nucleon transfer under the action of the mean ﬁeld of the reaction partner

and the effectlve residual forces. The strength of the effectrve forces determmes the

characterrstrc time of the 1ntr1nsrc excitation energy termalization. Up to now we did

not take into account the resrdual forces d1rectly but eﬁ'ectrvely mcluded their action

‘ mto consrderatron mtroducmg the temperature—dependent occupatlon numbers

The mlcroscoprcally determlned transition probabrhtles A(i) 6.7) are

A(;,)-z - ZIQM(R)I Z(r) (1 — g(r))"Sin (% lEP_ETl’)

B Co(EE) s
e ; ; , sin2 At\pZ . [Z
A = -Alt- 3R i (r) (1 = nir) — (gz_[ EP) /ZD‘ (1)

Here P and T are the quantum numbers characteuzmg the smgle partlcle states in

hght and heavy nuclel respect1vely, nP(n ) are the tcmpcmtur(‘ d( pe n(l('nt occupatmn
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numbers of the single particle states in light (heavy) nucleus, g.r are the proton

* transition matrix elements. The time interval At must be larger than the relaxation

“time of the mean field but consrderably smaller than the characteristic evolutlon time

of the macroscopic quantltres The mutual 1nﬂuence of the. mean ﬁelds of the reactron
partners leads to the renormahzatlon of the srngle partlcle energres Ep(T) of nonm—
teracting nuclei. Due to the long range character the Coulomb interaction grves the -

main contribution to this renormalization. Thus, for protons approx1mately
Eg(T) = Epy + ZT(p)e2/2R :

where Zp(T) is the atomic number of a light (heavy) fragment. As was shown in 8)
the Coulomb mteractlon mcreases ‘the formatlon probability of the very asymmetric
conﬁguratrons ’

Peculiarities of the structure of mteractmg nucle1 are taken into account exphcrtly

" in transport coefficients’ A( }. These pecuharrtres influence the dinuclear system evo-

lution. Thanks to the selection rules for the projection of spin and smgle partrcle
momentum, the existence of the nuclear shell structure restricts essentially the prob-
ability of nucleon transfer. Because of the weak overlapplng of the wave functions the
transitions between the single particle levels near the Fermi surfaces of the interacting
nuclei can be made weaker by these selection rules. This fact indicates more wide
possibilities for the description of the dinuclear system dynamics within microscopic .
approach. : o '

Let the phenomenological expressions (2) for transport coefficients be valid. Then
we can equate expressions (2) and (4) and obtain the following iteration procedure for

reconstruction of the microscopic driving potential.

i ) AON

0(Z+1)=0(Z)+2rln (—;—) , » - (5)
. A » s
U(z-1)= U(Z) +2rln ( - ) . (6)

Using (5) an‘d; (6) we can obtain the formula w1thout the free parameter sq.

; S .y} - |
U(Z+1)=U(Z)+'rln(A(_H . : (D)
, z .
Since the phenomenological model describes the charge and mass distributions for

many reactions quite well, it is interesting to compare the macroscopic driving potential

" with the microscopic calculated driving potential.
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. 3. Calculation results

Let us compare the calculated m1croscop1c drlvmg potentla.l w1th ‘the dr1vmg potentxal

used in the phenomenologmal models For mstance we cons1der the dinuclear system

' w1th Tt = 108 “This dmuclear system is formed i in ‘the reactions 4°Ar(220MeV)+232Th ,

d 323( 192MeV) +238U which give the near compound nucle1 with the same excitation

‘ energy (El =34 MeV) However the cha.rge (mass) dlStl‘lbuthIlS of these reactlons are
qua.hta.tlvely different 3:9), '

For the calculation of the transport coefficients A(*) (4) we use the realistic single
partlcle level schemes.  The a.bsolute values of the single pa.rtlcle energies have been
determmed in agreement. w1th experimental nucleon separation energies.

The matrix elements gPT(R) are taken from 1°), where the analytical method of

. their ca.lculatlon has been suggested This method allows one to obtain matrix ele-

. ments for _various values of R. At R > Rg, + RET (REP(T) is the ra.dlus of sewing for

. internal a.nd external parts of the single particle state p(r)) we ha.ve_’ 7

9re(B) = (-1)remringEC
- 27]P2|L0) (]T

2V 2 + D25 + 1)

ENA mT,JPmPILO) (Apk.(a@2R) + Ark, (@R (8)

At R< REP + RET the followmg expressxon has to be used

gpr(R) - ( 1)1T+m-p+1/2Cex
x E(Jr = 3 3r3|L0) (Gr

% {( 1)(L_IT te)/2 lBPyL("PR) + BT?/L("TR) + DP]L(K'PR) + +DT]L("TR)l
: +ka,,(aepR) + GTk,,(aBTR) + I?;T(R L)} ' (9)

\/(2]p + 1)(211' + 1)
- mTaJPmPILO)

Here ji(z), i.(z), ko(z), y,,(z)’are the spherical Bessel functions ), lpery and jpr
are the orbital and total single. partlcle momenta, respectively, mpr, is the projection
of jpiry. The dependences of expressions for normalized coefficients C ,» constants
Ap(T), Bp(T), Dp(T), Gp(T) and va.lues of I?;T(R L) on single pa.rtlcle quantum numbers
are given in Appendix. The wave numbers for external and internal parts of the wave

" function are determined in the following way

- 5 :
XpTy = \/h_T;" {Bcbul - EP(T)},'

, ‘ [2m ‘ - o
Kpery = \/h_z {Epry = Veeny},
4

where l p(T) is the average value of the single particle potential of light (heavy) nuclei
over state p(r), m is the proton mass, B is the Coulomb barrier of the nucleus.
*The phenomenological and microscopic driving potentials, respectively, calculated
by the expressions (3) and (7) for the dinuclear system with Z,,, = 108 are presented
1 and 2

in the dinuclear system to be set in the initial stage of reaction. Mass numbers for

in Figs. In our microscopic calculation we suppose the N/Z-equilibrium
light nuclei with Z < 10 were taken according to the experimental (),,-systematics of
isotope production cross sections ) for similar reactions. Functional dependence of
the microscopic driving potential (7) on the angular momentum is taken into account

by the value of the dinuclear system temperature 7.
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4072327 Flg.l. Phenomenological derlﬂg po-
20f 1 tential U(Z) for the system with
1 Zit =108 and Ape = 272 at 7 = 0
> R 1" MeV. The calculated results within
= 1 liquid drop model are presented by
. of 3
~ [ 1 dashed line. The driving potential
12 clof s calculated with use of the real nuclear
1 Dbinding energy in (3) is presented by
-20f - — - liquid drop : A1
E shell corrected solid line.
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It is seen that the microscopic and macroscopic driving potentials are qualitatively

similar. The dependence U(Z) on Z has few local minima. This fact indicates the

influence of shell structure on the evolution of the dinuclear system. Absence of the
local minima for some magic and even values of Z can be explained by the shell
structure of the conjugated nucleus and the influence of the neutron subsystem. It
is obvious that the place of the initial configuration defines the evolution direction of
the dinuclear system. The driving potential has a minimum at Z = 16 and (~/(Z =
17) > U(Z = 18) > U(Z = 19). Therefore, in the case of ®°Ar+%?Th reaction the
quasifission channel dominates. For the reaction 3254230 the quasifission and fusion--
give -almost’ equal “contribution to the total cross section. It is to be noted thiat the
microscopic driving pot}cntia.l is sensitive to the mass numbers of the dinuclear system

parts. The width of the Businaro-Gallone maximum increases with .increasing N/Z-
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" ratio in the light nucleus. For the illustration of thisin Fig.3 the calculated microscopic
driving potential for the $3Cu+'9"Au reaction is presented. In this reaction Z,, = 108
and Ay = 260, that is the system has a smaller numbers of neutrons than in the

previous systems.
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At the same time the microscopic potential is less sensitive to the increase of the
temperature 7. This leads to the weak decrease of the depth of local minima. On
* the other hand, within the phenomenological model the depths of the local minim:a
decreases fastly with enhancement of 7. Since A(Zi)—-A(Z'?l ~ 1/7 B) for near symmetric
conﬁgura.tiiovns of the dinuclear system, the influence of the shell structure on the
nucleon transfer process decreases less with increé.sing 7 notwithstanding exponential

decrease of the shell correction in the binding nuclear energy. Here it is necessary
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to make the following comment. When we speak about shell effects in microscopic

consideration, we mean the influence of peculiarities of the single particle spectra near

"the Fermi surface on the nucleon exchange process. In this approach the-concept of

the conservation of individuality of the dinuclear system parts plays the key role 12y,
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By using the’microscopic‘tra.nsport coeflicients the calculated charge distributions
for the reactions “°Ar+%3?Th and 325+2U (Fig. '4)‘a.re in good agreement with the ex-
perimental data 3°). The theoretical dependences give the correct evolution direction
for the dinuclear system along the mass a.éymmetry mode of motion. They reproduce
the experimental maxima of the charge distributions and relation between fusion and
quasifission channels. This ratio is easily obtained if we consider the dinpclea.r sys-

tem motion to more asymmetric forms like the fusion process 12). The decrease of



asymmetry and decay of near symmetric configurations of the dinuclear system can be

considered like quasifission. In the case of *2$4%3*U more than 50% of the cross section

correspond to the fusion-fission channel, while about 20% remain in the 1°Ar 4232 Th

reaction. The other part of the cross section.corresponds to the quasifission channel.
The discrepancy of the charge (mass) distributions in both reactions can be explained
by distinctions of the structure of interacting nuclei in the framework of the micro-
scopic approach. Since the single particle spectra;'nea.r the Fermi surface of 232Th and
28U are quite similar, then in the main the shell structure of a light nucleus influences
the dinuclear system evolution, that is, the first noneccupied proton level of 32§ is
quite far from the Fermi surface. This decreases the possibility of the nucleon transfer

from a heavy to a light nucleus. On the contrary, “°Ar has nohoccupied proton single

particle level near the Fermi surface. This stifnula.tes the decrease of the dinuclear '

“system asymmetry. The N/Z-ratio in the system influences the ratio of the fusion and
quasifission channels as well. For the 83Cu+!°"Au reaction approximately 15% of the
cross section corresponds to the increase of the mass asymmetry. This seems to be in
a good agreement with experimental results !3). '

Thus, in the framewark of the microscopic approach it is possible to. obtain the

qualitative agréement between calculated charge distributions and experimental data.

4.Conclusion

Within the mlcroscoplc a.nd ma.croscoplc approaches the methods of calculation of the
driving potential are very different. Still the calculated results have demonstrated sur-
prising likeness of the microscopic and phenomenological driving potentla.ls. This fact
can be considered as further argument for the validity of the microsco_}')ic ai)proach
based on the concept of the individuality conservation of interacting nﬁclei. Taking
into account the selection: rules for change of the angular momentum and its projec-
tion within the microscopic variant we obtain the driving potential that carries more
information about the ways of the system evolution. This driving potential seems to

be more sensitive to the change of the N/Z-ratio in the dinuclear system parts.
Appendix ;

In the a.ppendlx we present the useful expressmns for the calcula.tlon of the smgle
.partlcle matrix elements ng(R) In (8) ‘the consta.nts Ap(r) are determined in the
following form. ‘
| ’ AP(T) = a;)(r)f(ilnp)(a?P(T)RET(p)))
8

wllere :
(Ep + ET + hz P(T)/m)( X1(p) + "T(P))REr(p) .
2(ae? ®pr) + K’T(P))( BTy T T(P))

kipm(@py R ) o
(flp(r)("REP( ))) =1 (xRp(r)) ey sl
T P(T) 612 Ep(T) flp(-r)("REP('r)) .

ap(.,.)‘ =

Here Jipry(2) is one of tlle sphencal Bessel functnons

In (9) constants Bpgy, Dp(r) and Gp(nhavetform ,

Bpry = bf'iT)[E(y’TtP)('CP(T)R_ET(p)))f(ylﬂT;(KP(T)RE;(T))) SR

~£(le(P)(,CP(T)RE_T(P))‘)ET(]"F('T)('EP(T)REP(T)))]y; L

Dp(r) = beery[€( ]lT(P)(h'P(T)RET(P)))c(ylp(T)(KP(T)REP(T)))
+£(y‘T(P)(~P(T)RET(P)))E(]lp(-r) KP(T)REP(T)))]

(=1)tren |
Gra) = —7—— ap(r)E(k:m)(aerRET(,,)),
where ' : .
_ "P(T)(EP + Er — #? KP(T)/m)(hT(P) + ET(P))REPRET
i

bpry =
' ‘ Ky @) (8 — K27)

If 22, = &, or K, = &, the corresponding limit of (8) or (9) is calculated.”
For the normalized coefficients Cf:m we have

Zhr) Ty
lp(r) \/_[ Epcr) (1+ klp(-r)+1(H?P(T)REP(T))MP(T) l(fBP(T)REp(T))] .

So far as in (9) the values of I3;(R, L) depend on R weakly and their analytical

expression is very complicated, we replaced these terms by their values at R = Rg
P

+Rg,.
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