


I, INTRODUCTION

A large value for kinetic energy losses is an inherent, feature of deep inclastic heavy ion
collisions [1,2]. Farlier it was assumed that the relative motion kinetic energy of nuclei, being
transformed into inteinsic excitation energy, was distributed between reaction products in
approsimate proportion to their masses. Recent experiments [3-14], however, have demon-
strated Chat this assuniption is incorreet, For example, in the ¥Ni197 Au [3,4], *Fe,"Ge +
1[0 reactions [5-12] the excitation energy is about equally divided between the products
of the binary reactions for relatively large values of the tolal kinetic energy losses, In other
reactions [3,13,14], the excitation energy distribution is intermediate between equal sharing
and sharing proportionate to the fragment masses. In the 52Cr + 208 Ph [13], ¥8U+'?Gn,
NP reactions [14] a large part of the excitation energy is concentrated in the light frag-
ments even for a wide range of total kinetic energy loss. These new experiments created
a great interest in the problemn of kinetic energy dissipation, To reconstruct the primary
reaction product yields from the measured evaporation residues, it is important to know
how the excitation energy was distributed between the primary fragments.

The fact that thermodynamic equilibrium is not attained as quickly as it was assumed
carlier points to the important role of the structure of interacting nuclei even at relatively
large kinctic energy losses. The effect of shell structure on the energy dissipation is mani-
fested in the experimental study of the correlation of the total kinetic energy loss with the
nucleon exchange between interacting nuclei [2-12,15,16]. The value of the total kinetic en-
crgy loss per unit of the charge distribution variance of the products for the 2°*Pb + 2°2pb
reaction is significantly larger than that for the 38U + 238U reaction [15,16]. The effect
of the ncutron number variation of the projectile-nucleus on the mass, charge and energy
distributions of deep inclastic heavy ion collision products is studied in [17-23].

Intcr'esting results for the yields of neutron-rich nuclei in the incomplete fusion reactions
of 10"18Cy + 8 Cin were obtained in [18,20]. The observed yields of such elements as Th,

U and Pu in the reaction with 1°Ca turned out to be two orders of magnitude smaller than



those in the reaction with #Ca. The cross section of production for clements with masses
Jarger than the target-nnclens mass, however, is of two orders of magnitude larger for the
reaction with *Ca than that for the reaction with ®Ca. From analysis of the N/Z-ratio
(N and Z arc the neutron and proton numbers) of distribution of sccondary nuclides the
authors concluded that target-like fragments have small excitation energies. ‘This fact shonld
be taken into account in de-excitation calculations [23]. The difference in excitation enorgy
values in all three 19"48Ca 4 28Cin reactions is assumed to be related to the difference in
24y — values, .

The effect, of the shell structure and N/Z-ratio of the projectile on the partitioning of
cxcilation energy between interacting nuclei, as well as on masy and charge distributions of
the products of deep inclastic icavy ion collisions is studied in [18,20]. It is evident that the
analysis of this effect should be based on a microscopic model.

The calculation of frictional cocfficients requires explicit formulation of a microscopical
model, including the coupling of relative motion to the intrinsic degrees of freedom [24--41).
These models are distinguished by the intrinsic excitations to be considered: collective sur-
face vibrations, giant resonances, non-coherent particle-hole excitations or nucleon exchange
between nuclei. 11 is clear that the structure of excited states and the strength of the cou-
pling of different excitation modes with a relative motion will affect. the excitation energy
distribution between fragments.

The mbst commonly used models arc those based on the onc-body dissipation approach
[29,40]. In these models, the friction force is determined by the nucleon exchange through a
"window” during nuclear collision [42]. The simplicity of this model [29,40] and its success in
describing the kinetic energy loss and the width of the mass (charge) distribution of reaction
products are encouraging. The interacting nuclei in the framework of these models, however,
are considered in the Fermi-gas approximation, and thercfore, the nuclear structure is taken
into account only by means of averaging over the ground state energy and parameters of the
level density.

Onc of the advantages of our model [43,44] is that it allows us to explicitly take into



acconnt the effect of the nuclear sl)éll strycture on a collision process. A realistic scheme
of single-particle states, nucleon separation energics and s.inglc-purticlc matrix clements of
nucleon transitions both in each nucleus and from one nucleus to another are constituents
of our model. The single-particle approach is improved by the phenomenological account of
the residual interaction between nucleons. Another advantage of the model is the possibility
of simultancously considering the particle-hole excitations in each nucleus and the nucleon
exchange between nuclei.  In the framework of this model, a good agrcement with the
experimental resulls has been obtained in describing the dependence of the excitation energy
sharing between reaction products on their mass number, and the dependence of the centroid
position and variances of the charge and mass distributions on the total kinetic energy loss
[43,44).

T'he basic fecatures of our model are described in Sec. Il. In Sec. IlI, the effects of
the projectile shell structure and its N/Z-ratio on excitation energy distribution, centroid
position and variance of the charge (mass) distribution for binary reaction products in
deep inclastic heavy ion collisions are explored. The role of nucleon exchange and particle-
lole excitation mechanisms in the transformation of relative motion kinetic energy into the

internal excitation energy of nuclei is studied. Conclusions are given in Sec. IV,

II. MODEL

The model is based on the assumption that colliding nuclei moving along approximately
classical trajectorics preserve most of their individual properties during the interaction time
at the kinetic energies under consideration [1,2,45]. For this reason, the quantum-mechanical
consideration of the intrinsic degrees of freedom employs the single-particle approximation
with a realistic scheme of the single-particle levels for each nucleus. Each nucleus is described
by a potential well (Woods-Saxon type potential) with nucleons in it. The interaction
picture can be represented as follows: during the interaction time both potential .wells act

on the nucleons of each nucleus causing nucleon transitions between single-particle states.



The transitions occurring in each nucleus are particle-hole excitations, while those between
partner-nuclei are nucleon exchanges. Thus, in the suggested model, the single-particle
mechanism is considered as the main mechanism of excitation and dissipation. The single-
particle approach is improved by the phenomenological account of the residual interaction
between nucleons, Such effects as excitations of high- and low-lying collective states of the
intcracting nuclei are neglected. Although contributions to the dissipation could come from
(‘ilSii)’ excited surface vibrations, the adiabaticity of the relative motion with respect Lo these
vibrations decreases their effects.

The total Hamiltonian of a dinuclear system 1T takes the form
i = e + i + Vit - ()

The Hamiltonian of o relative motion

"U)
~

Ha==—+U(R)

N
®

consists of the kinetic cnergy operator and a nucleus-nucleus intcraction potential U(ﬁ.)
Here R is the relative distance be-tween the centers of mass of the fragments, P is the
conjugate momentum, 4 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 motions (for
details, sec [43,14]).

The single-particle Hamiltonian of the dinuclear system 7 is as follows

H(R(L) = ZA: (:LZA& + Up(r: — R(t)) + (77'(1‘«')) , (2)

i=1 2m
where m is the nucleon mass, and A = Ap + Ar is the total number of nucleons in the

system. The average single-particle potentials of a projectile Up and a target Uy involve

both the nuclear and Coulomb fields.

In the second quantization form the Hamiltonian (2) can be rewritten as

AR(L)) = Hin(R(2)) + Vime(R(2)),



i (R(1)) = ZE- (Nafa, = ZEI’(R(I))‘lI'“l’ + ;51'(11(’))“'7'?11‘- (3)
Vit (R(1)) = Z\n'(n(’))'l.*'li'

i
= 3 AR aba + 3 Wh(R())aFag, + }:[,,,,(R(I))(a sy 4+ hue).

I'#I” T #'[ t

Up to the second order in the overlap integral < PT° > [16]

(RN = 2p+ < P >

E1(R(1)) = s+ < T|Up(r = RU)|T >,

VER(R(N) =< PR >, (1)
AR =< T p(e-R(N|T' >.

g (R(1)) = % < PlUp(e-R(1)) + Up(e)|T >

In expression (4) €pppy are the single-particle energies of nonperturbed states in the
projectile (target) nucleus. These states are characterized by a set of quantum numbers
P = (np,jpydp,mp) and T = (ny, jrdp my) corresponding to the projectile () and
target (7') nuclei, respectively. The diagonal matrix elements < P[P > (< TIUp|T >)
define the shifts in single-particle energies of the projectile (target) nueleus caused by the
target (projectile} mean field, The corresponding nondiagonal matrix clements \,»,n (\,I L)
generate particle-hole transitions in the projectile (target) nucleus, The matrix elements
g correspond to the nucleon exchange between reaction partners due to the nonstationary
mean field of the dinuclear system. These matrix elements were caleulated in the framework
of the approach proposed by ns {47,48]. The contributions of noninertial recoil effects to
the matrix clements are neglected sinee they are small [35). The effeet of the mean ficld
of one nucleus on states of the other nuclens is taken into account in the second ovder of

perturbation theory:

XM (R(1) = xEA(R(1) (3)
I I
+ %j\,-p- NS (R(1) SR T IR



x%mwn—#Mmm (6)

Sy : :
+ - Z (R() X (R(1)) T (R()) T Spepe(R(D)

drr(R(Y)) = grr(R(L)) (7)
oL Wmmmkam4l Xpih(R())grrr(R(L))
h T w']:p(R( )) I I wprp(R(L)) !

where i (R(8))=[&(R(L)) = Ex(R(L)}/N.

The explicit consideration of the residual interaction requires curnbersome calculations,
but linearization of the two-body collision integral simplifies the consideration. In the relax-
ation time approximation [49] the equation of motion for the single-particle density matrix
a(l) is

af"l(l) 9 l’l aeq
o = [AR(), A(0] = ZR(0) = A7 (R(1))] ®)

ih
where 7 is the relaxation time (which will be determined later), 2*7(R(L)) is a local quasi-

equilibrium density matrix at a fixed value of the collective coordinate R(t):

= "\ -1
ATR() = [1 + eop( LRI ©)

Ok(t) = 346/ (B + B0} | < Ax(t) >,

where Ok(l), < Ax(l) >=< Zix(t) > + < Ng(t) >, A2() and E)(1) are the effec-

tive temperature, mass number, chemical potential and intrinsic excitation energies for the
proton (a = Z) and ncutron (a = N) subsystems of the nucleus K(K = P, 1), respectively.

The 7; is calculated in the framework of the theory of quantum Yiquids [50,51)

(1,,) oy (a)[(f,\ 9y + = (_[,\ g)2][(7r@,\.)2+(é,~~/\(l‘?))2]

[I +0xp(£u())7——')]_l, (10)

where

2 <Nk >—<Zg>
el = ex[1 - 201427 T
<NI\’>—<ZK>]

< Ag >

2
e = ¢ [1+§(1 +2f") (11)



are the Fermi energies of protons and neutrons (¢p=37 McV). llere [;,=0.09, f{,=0.42,
Los=-2.39, J!_=0.54, ¢=0.7 arc constants of the cffective nucleon-nucleon interaction [51].
The finite form of the nucleus has been taken into account by the following expression [51]

Ji = fin - Z—X-Z-;;/'g(f-’n = Jez),

f;\= i,n— <A >1/3(fm -/:z:) (12)

A formal solution of equation (8) is

(1) =exp (’__T“_‘) {n. lo) + Z/dt’/dt”ﬂ.k (t' ¢ cxp( l) [ (£") — (L")
)

=t
-—/ dU'RT(R(Y)) exp ( - )} ) (13)

where

t

/ dt”a;k,-(R(t”))] } .

Iy

Qu(t, 1) = 7311c {V (R(L))Vii(R(t)) exp [i

Iiquation (13) is solved step by step with the time interval (1 — ¢,) divided into parts: ¢,

lo+ Al Ly + 2AL, elc, for At <

fii(t) = Af"(R(L)) [1 — exp (_—f—t)] +ni(t) exp (-_—éﬁ) , (14)
ni(t) = At — AL + D Wi(R(2), At)[f(t — AtL) — 7L — AL)], (15)
k
where
sin? (4tGr(R(t)))
o)

ni(t) =<tlafa;|t> is a solution of Eq.(8) without taking into account the residual forces.

Wi(R(1), At) = |Vi(R(1))I?

(16)

The dynamic n;(t) and quasiequilibrium n(“")( R(!)) occuparion numbers are calculated at
every time step. The initial values of the occﬁpation numbers equal 1 for occupied states
and zcro for unoccupied ones. The energy of the last complete or paftially occupied level g
was found to be equal to the nucleon separation energy presented in [52]. The time step At

used in the calculations is 10~%%s.



The present model allows us to calculate the average number of protons < Zp(ry > or
neutrons < Npir) >, their variance 0% or o and the intrinsic excitation cncrgics‘lf,',[(:/;.))(t)
and E;,(m(t) for the proton and necutron subsystems of each nucleus:

Z .
<Zpy> (1) =Y firgry(t), (17)
P(T)

N .
<Npy> () =D fipr)(t), (18)
P(T)
Z(N) .

am(t) = ; ip(t)[l = ap(t)], (19)
T+ B = ER() (20)

+ ;(:)[EI’(T)(RU)) = ARy (RUNren(t + B8 = Rpry (1)),

where the top index Z{N) of the sum restricts the summation over proton(neu’ron) single-
particle levels. It is seen from (20) that the fragment excitation energy is calculated step
by step along the time scale. Separate summing over the neutron and proton subsystems of
each fragment allows us to determine their relative contribution to the excitation encrgy of

the nuclei.

II1. MODEL CALCULATIONS

This section is mainly devoted to the study of the decp inclastic heavy ion collisions of
. 34.40,46Ar+248Cm,‘ 40,44,18,5dca+ 24801“, 40,4ﬂca+238U and 20,22Nc+ 24SCm' In the fra.mcwork
of our model, we have analyzed the effect of the projectile N/Z-ratio variatious on the
distribution of the excitation energy between binary products in these reactions, The shifts
of the centroid position and variances of charge and mass distributions in these reactions
were calculated as well. These distributions are important, for example, in choosing the
combinations of reaction partners and their collision energies for synthesis of exotic nuclei.
To show thé applicability of our model at large nucleus-n{xcleus interaction times, we have
also performed the calculations at a small orbital angular momentum, The relative motion

trajectories have been calculated by the same method as in [53,54].



The following notations are used: RI/T=[5,/ 15 is the ratio of the excitation energy
of a projectile-like nuclens to a target-like nueleus; Rrhler = 221ph) | 124477) s the ratio of the
excilation energy of nuclei produced by particle-hole excitations to that produced by nucleon
exchange; RN < 522 1Y) §s the ratio of the excitation energies of the proton £+(%)
and negtron 12 subsystems of the dinuclear system: < AZp >= Zp— < Zp > and
< ANp >= Np—= < Np > are the changes in the mean charge and neatron mimbers in the
projectile. The excitation energy of cach nucleus £7(0 = LT} was calenlated by Eq. (20)
with stupming of the excitation energics of the proton If;(z) and neutron 7™ subsystems,
I all fignres the abscissa presents the ratios I/l vhere £y, is the orbital angular momentum
for a grazing collision. The experimental total kinetic energy loss scale has been related to
the [ orbital ml;.;ular momentum scale.

The calenlated values of R77T (Fignres 1a, 2a, 3a, Ta) show that jn the #4048 A ¢ L 280,
M08y 28O A0IBC B8] and 0B Ne4- 280 peactions the excitation energy con-
centrated in the light products is significantly larger than that corresponding to thermody-
nantic equilibrium. This is scen most clearly in the results of caleulations for the reactions
with MAr and #Ca. Thus, due to of the short intevaction time and the strong difference
in the ghell structures of the colliding mucled, a thermodynamic equilibrinm in the dinuclear
system is not reached.

It is seen (Figures 1, 2, 3, 7) that in all these reactions an inerease in the orbital angular
momentum leads to an im:rca:-:(; in the #7777 and RPM eatios. This means that the relative
contribution of particle-hole excitations to the total exeitation energy of the dinuelear system
also increases with the initial orbital angular momentum I 1 s elear that when the velative
distance between the interacting nuclei increases (i.e., overlapping of the nuclear depsities
decreases), the probability of nucleon exchange decreases more rapidly than that of the
inclastic excitations of nuclei.

The results of the P and R#N ratio calenlations (see Figures 1. 2. 3 and 7)) are

sensitive to the value of the NfZ-ratio of the projectile nucleus, From the values of the
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Fig.1. The dependences of the ratios R/T (a), R®/V (b) and RPh/e= (c) on Iflgr (Iyr = lyraszing)
for the *Ar42*%Cm reactions: X=34 (dotted linc); X=40 (dashed line); X=46 (solid linc).

Fig.2. The same as in Fig.l, but for the *Ca+?*Cm reactions: X=40 (dotted line); X=44
(short dashed line); X=48 (long dashed line); X=54 (solid line). '

I*"*= ratio one can conclude that nucleon exchange is the main mechanism of kinetic en-

ergy dissipation. Comparison of the values of RP%/°* and RZ/N shows that with increasing
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Xca(8*X MeV)+%U XCca(8*X MeV)+*"U
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FIG. 3. The same as in Fig.1, but for the XCa+?38U rcactions: X=40 (dashed line); X=48
(solid line).

FIG. 4. The change in the mean charge < AZp > (a) and neutron < ANp > (b) number of
the projectile-nucleus and the charge variance 0% for the XCa+23U reaction: as a function /l,,:
the dashed (X=40) and solid (X=48) lines arc results of the calculations and the circles (X=40)

and triangles (X=48) are the experimental data [17).
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projectile mass number, the contribution of the proton subsystem to thie Lolal excitution
energy increases and becomes cormparable to that of nentron exchange (Fig. 1h, 2b, 3b and
7h). This enhancement of the role of the proton subsysten in the dissipation process with
the increasing projectile N7 - ratio is altributed to the inerease in the proton separation
energy. As a result, the intensity and direction of the proton (neutron) transfer (Figda, b,
Hay Bhy Ga, 6b, 8a and 8b) between the fragments of the dinuclear system are chiangod.

’i'lw increase in the sepatatiofn energy means that the proton Fermi level in the projectile
with the larger N/Z ratio is deeper than in a projectile with a smaller N7, A large
difference between the Fermi levels of interacting fragments can increase the number of
transferred protons from the targel to the projectile. Application of a heavy isotope a
a projectile increases the difference between the last filled proton level of the projectile
nucleus and first unfifled level of the targel nuclens, As a resnlt, the average excitation
energy per proton transfer between a heavier projectile isotope and the target nucleus will
he larger than that between a lighter projectile and the same target, This effect appears as
an increase in the mean energy of thc proton subsystem displayed in the increase in B4V
(Fig. 1b, 2b, 3b, 7b) and 1P"°= (Fig. fc, 2¢, 3¢, 7c) ratios, The contribution of the proton
particle-hole excitation energy in the nuclei to the shared total excitation energy will be
significant at large values of the orbital angular momentum. As follows from our results, the
sharing of the total excitation energy between reaction partners and the distribution of the
shared excitation energy between the proton and neutron subsystems of the nucleus should
be correctly taken into account in caleulating of the pre-cquilibrium nucleon yiclds.

In Figures 4a, 4b, 5a, 5h, 6a, 6b, 8a and 8b the changes of the tmean value of proton
(< AZp >) and neutron (< ANp >) numbers in projectile-like fragments of the 1*#Ca 4
238y, MABA . 280 10,8510, 4 218Cm and 9% Ne + 28Cm reactions, as functions of
/1, are presented. The chiange in the < AZp > and < ANp > decreases \«;itll increasing
! because of a reduction in the overlap of nuclei, From Table 1 and Figures 4a, 4b, 5a, 5b,
6a, 6b, 8a and 8b the sensitivity of < AZp > and < ANp > to the proton and neutron

separation encrgies is scen. In Fig. 4a, 4b, our results are compared with the experimental

12
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FIG. 5. The same as in Fig.4, but for the xAr-{-I"'""(fm reactions: N=34 (dotted line): N=10

(dashed fine); X=46 (solid line).

FIG. 6. The same as in Fig.4, but for the XCa+5Cm reactions: X=-10 (dotted line); N=44
(short dashed line); X=48 (long dashed line); X<=54 (solid line).

data for < AZp > and < ANp > for secondary products of the %¥Ca+ 281 reactions from

[17). Our results correspond to the primary products, According to our caleulations, in
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FIG. 7. The same as in Fig.1, but for the XNe-++**"Cimn reactions: X=20 (dashed line); X=22
{solid line).

FIG. 8. The same as in Fig.d4, but for the *Ne+4+2%Cm reactions: X=20 (dashed line); X=22
(solid line).

the *®MCa4*BCm reactions, the centroid of the charge distribution moves to increase the

charge asymmetry in agreement. with the experimentally observed increase in the yields of
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‘nble 1. ‘I'e proton (8,) and neutron (S,) separation energios of Ne, Ar, Ca,

Sy =-7.62 (**™1)), -7.13 (**"Cm); S»=-6.15 (***U), -6.21 (**5Cin) [52].
Flement Ne Ar Ca

A 20 22 BT 40 16 40 44 18 54
Sp (MceV)|-12.85)-15.27) -4.67 |-12,63|-18.51] -8.33 }-12.17]-15.81}-22.00
Sn (MceV)[-16.87)-10.361-17.07 -9.87 | -7.22 |-15.64}-11.13] -9.94 | -5.51

muclides with masses greater than the mass of the target-nucleus [18,20]. In the reaction with
Ca, the charge distribution centroid is shifted to decrcase the charge asymmetry, which
also agrees with the increase in the experimentally observed [18,20] yields of nuclides with
tnasses sraller than the mass of the target-nucleus. Unfortunately, for some characteristics

of the reactions the experimentai dawa are not complete.

IV. CONCLUSION

These theoretical results show that the shell structure and the N/Z-ratio of the projec-
tile strongly affect the excitation encrgy sharing between fragments and the mass (charge)
distribution of reaction products in deep inelastic heavy ion collisions, For strongly asymmet-
ric combinations, such as °*2Ne¢+24%Cn, 311916 Ar4. 28Cm, 1918Ca 4238 and 10,44,48,54 0y 1.
28Cm, the excitation energy is about cqually shared between the products of the binary
reactions. It should be noted that in all these reactions the ratio of the excitation energy of
the projectile-like nucleus to that of the target-like nucleus decreases with the initial ocbital
angular momentumn. The contribution of the proton exchange to the total excitation energy
increases with {he neutron number in the projectile nucleus and becomes comparable to the
contribution from the neutron exchange. The nucleon exchange between interacting frag-
ments is the main mechanism of the relative motion kinetic energy dissipation. The relative
contribution of particle-hole excitations (mainly protons) to the excitation energy of nuclei

also increases with the initial orbital angular momentum.
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Our calculations show that the cxcitation energy of heavy products of the reactions
should not be large. Thercfore, the probability of particle evaporation from heavy frag-
ments should be small. The authors of the experimental work [18,20] came to the same
conclusion on the basiy of the narrow form of isotope distributions, For practical purposes,
"“novledge ibout tue ~rcitetion energy distribution between fragiments can be used 1o re-

construct primary reaction product yiclds [23].
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