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1. INTRODUCTION

A large value for kinetic energy losses is an inherent feature of deep inelastic heavy ion
collisions [1,2]. Farlier it was assumed that the relative motion kinetic energy of nuclei, being
transformed into intrinsic excitation encrgy, was distributed between reaction products in
approximate proportion to their masses. Recent experiments [3-14], however, have demon-
strated that this assumption is incorrect. For example, in the BNIH+197Au [3,4], OFe, " Ge +
155 [ reactions [5 12] the excitation energy is about equally divided between the products
of the binary reactions for relatively large values of the total kinetic energy losses. In other
reactions [3,13,114], the excitation energy distribution is intermediate between equal sharing
and sharing proportionate to the fragment masses. In the S2(0r 4 208 Ph [13], BFU4+1%5n,
0P 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 problem of kivetic cnergy dissipation. To reconstruct the primary
reaction product yields from the mieasured evaporation residues, it is important to know
how the excitation cnergy 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 kinetic cnergy losses. The effect of shell structure on the cnergy 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-
ergy loss per unit of the charge distribution variance of the products for the 28Pb + **Pb
reaction is significantly larger than that for the *#U + 231} reaction [15,16]. The effect
of the neutron number variation of the projectile-nucleus on the mass, charge and energy
distributions of deep inelastic heavy ion collision products is st udied in [17-23].

Interesting results for the vields of neutron-rich nuclei in the incomplete fusion reactions
of 0MA8Cy 1+ 218 (i were obtained in [18,20]. The observed yields of such elements as Th,

U and Pu in the reaction with *Ca turned ont to be two orders of magnitude smaller than



those in the reaction with *™Ca. The cross section of production for elements with masses
larger than the target-nuclens mass. however, is of two orders of magnitude larger for the
reaction with *'('a than that for the reaction with *Ca. From analysis of the N/Z-ratio
(N and Z are the newtron and proton numbers) of distribution of secondary nuclides the
authors conicluded that target-like fragments have small excitation energies. This fact should
be taken into account in de-excitation caleufations [23]. The difference in excitation energy

values in all three 04480+ 280 reactions is assumed 1o be related to the difference in

Qg — valuces.

The effect of the shell structure and N/Z-ratio of the projectile on the partitioning of

excitation energy between interacting nuclei, as well as on mass and charge distributions of
the products of deep iuclastic heavy ion collisions is studied in [18.20]. It is evident that the
analysis of this effect should be based on a microscopic model.

The calenlation of frictional coeflicients requires explicit formulation of a microscopical
model, including the coupling of relative motion to the intrinsic degrees of freedom [21 41].
These models are distingnished by the intrinsic excitations to be considered: collective sur-
face vibrations. giant resonances, non-coherent particle-hole excitations or nucleon exchange
between nuclei. 1t 1= clear that the structure of excited states and the strength of the cou-
pling of different excitation mordes with a relative motion will affect the excitation energy
distribution between fragments.

The most commonly nsed models are those based on the one-body dissipation approach
129,40]. In these models. the friction force is determined by the nucleon exchange through a
“window” during nuclear collision [12]. 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. 1'he interacting nuclei in the framework of these models, however,
are considered in the Fermi-gas approximation. and thercfore, the nuclear structure is taken
mto account only by means of averaging over the ground state energy and parameters of the

level density.

One of the advantages of our model [13,44] is that it allows us to explicitly take into



account the effect of the nuclear shell structure on a collision process. A realistic scheme
of single-particle states. nucleon separation energies and s‘iugle—particle matrix elements of
nucleon transitions both in each nucleus and from one nucleus to another are constituents
ol 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 nucler. In the framework of this wodel, a good agreement with the
experimental results hias heen 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].

The basic features of onr model are deseribed in See. 1L In Sec. I, the effects of
the projectile shell structure and its N/ Z ratio on excitation energy distribution, centroid
position and variance of the chiarge (mass) distribution for binary reaction products in
deep inelastic heavy ion collisions are explored. The role of nucleon exchange and particle-
hole excitation mechanisins in the transformation of relative motion kinetic energy into the

internal excitation energy of nuclet is studied. Conelusions are given in Sec. 1V.

II. MODEL

The model is based ou the assumption that colliding nuclei moving along approximately
classical trajectories 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. FEach nucleus is described
by a potential well {Woods-Saxon type potentiall with nucleons in it.  The interaction
picture can he represented as follows: during the interaction time both potential wells act

on the nucleons of cach wiclens cansing nucleou 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. Siuch effects as excitations of high- and low-lying collective states of the
interacting nuclei are neglected. Although contributions to the dissipation could come from
easily excited surface vibrations. the adiabaticity of the relative motion with respect to these
vibrations decreases their effects.

The total Hamiltonian of a dinuclear system 11 takes the form
= Mg+ Hoo+ Vi (1)

The Hamiltonian of a relative motion

2

2o B}

iu=—+U(R)

2u
consists of the kinetic energy operator and a uncleus-nuelens interaction potential ('(R)
Here R is the relative distance between the centers of mass of the fragments, P is the
conjugate momentum, g is the reduced mass of the system. The last two terms in (1) describe
the intrinsic motion of nuclei and the coupling hetween relative and intrinsic motions (for
details, see [13,44]).

The single-particle Hamiltonian of the dinuclear system H is as {ollows

A 2
. ~h f N .
HR(N = < 5O+ Uplre = R(1) + {wp(r,)) : (2)
=1\ 2T
where m is the nucleon mass. and A = Ap + Ap is the total number of nucleons in the

system. The average single-particle potentials of a projectile Up and a target Ur involve
both the nuclear and Coulomb fields.

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

TR(1)) = Hon(R(D) + Vine(R(1)),
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In expression (1) <5 are the single particle eneraios of nonperturbed stafes m the
I il aley a I
projectile (target) nucleus These states are characierizod by a set of gquantum numbers
Po= (mpojpdpompr and g leongy corresponding to the projectile (7Y and
target (1') nuclei respectively. The diagonal matrix elements < P10 ~ (< T )
& I g K]
define the shifts in sinele particle energies of the projectile (target) mueleus cansed by the

(o,
!

target (projectile) mean field. The corresponding nondiagonal matrix elements \(,,I,‘., i\
generate particle-hole transitions i the projectile (target) nucleus. The matrix elements
gy correspond 1o the nucleon exchange between reaction partners due to the nonstationarn
mean field of the dinnclear system. These matrix elements were calenlated in the framework
ol the approach proposed by s [17. I8} The contributions of noninertial recoil offects 1o
the matrix clements are neglected sinee they are small 135]0 The effeet of the mean field
of one nucleus on states of the other nncleus is taken into acconnt in the second order of

perturbation theory:
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The explicit consideration of the residual interaction requires cuimbersome calculations,
but linearization of the two body collision integral simplifies the consideration. In the relax-
ation time approximation !19] the equation of motion for the single-particle density matrix
n(t) s
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where 7 is the relaxation time (which will be determined later), 277 (R(t)) is a local quasi-

equilibrivin density matrix at s fixed value of the collective coordinate R(t):
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where Op(f) < Apify wee Zpll) > + < Nyt >, /\5;')(//) and I:',‘\!")(t) are the effec-

tive temperature. mass number. chemical potential and intrinsic excitation energies for the
proton (o = Z] and nentron o = N subsystems of the nucleus K(K = P,T), respectively.

The 7, is calenlated in the framework of the theory of quantum liguids [50,51]
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are the Fermi energies of protons and neutrons (ep=37 MeV). Here f,,=0.09, f/ =0.42,
er=-2.59. f/,=0.51. g=0.7 are constants of the effective nucleon-nucleon interaction [51].

The finite form of the nucleus has been taken into account by the {ollowing expression [51]

. 2 .
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A formal solution of equation (8) 1s
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where

?

Q') = ;51{9 { Vie(R())WVi(R(H)) exp {i /dt”;bkl(R(t”))} } .

v
Equation (13} iz solved step by step with the time interval (¢ — to) divided into parts: o,

lo + ALty + 20 ere. for A=< T
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where

(16)

n;(1) =< iala;t > i a solution of Fq.(8) without taking into account the residual forces.
The dynamic n,{f] and quastequilibrium 'r‘zE"Q)(R(/)) occupation numbers are calculated at
every time step. The initial values of the occupation numbers equal 1 for occupied states
and zero for unoccupied ones. The energy of the last complete or partially occupied level <,
was found to be equal 1o the nucleon separation energy presented in [52]. The time step At

used in the calendations s 107424,



The present model allows us to calculate the average number of protons < Zpgyy > or
neutrons < Np(qy >. their variance o} or 0% and the intrinsic excitation energies I’:;,((z.))(i)

and E;,((I;;(i) for the proton and neutron subsystems of each nucleus:

i ) 7 .
<AP(T)> (t) = Z ‘TLP(T)(t). (1 ‘)

P(T)
N . o
<Npay> () =Y apm(i), (18)

P(T)

) Z(N) . .
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7
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where the top index Z(N) of the sum restricts the summation over proton(neutron) single-
particle levels. It is seen from (20) that the fragment excitation encrgy 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 energy of

the nuclei.

I11i. MODEL CALCULATIONS

This section is mainly devoted to the study of the deep inelastic heavy lon collisions of
31046 A g 2I8(1py) AOAABSA(1 L 2By 0B 4 BB and 2022 Ne+ HCm. In the framework
of our model, we have analyzed the effect of the projectile N/Z-ratio variations 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 cxample, in choosing the
combinations of reaction partners and their collision energies for synthesis of exotic nuclei.
To show the applicability of our model at large nucleus-nucleus 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 nsed: BRIV 1508 s the ratio of the excitation energy
of a projectile-like nucleus to a target like nucleus: pride s pestpk) T g the ratio of the
excitation energy of nnclel produced by particle-hole exeitations to that produced by nncleon
exchange: #7/Y = 177 N G the ratio of the excitation energies of the proton E=4)
and neutron £ wabsvstems of the dinuclear system: < AZp >= Zp- < Zp > and

< ANp > N o Ny are the changes in the mean charge and neutron numbers in the

projectile. The excitation eneray of cach nucleus L2700 = P0T) was calenlated by Fqg. (200
with summing of the excitation cnergies of the proton /L':'y) and neutron ]{:(\,] subsvsteis.
T all figures the abscissa prosents the ratios [0 where £os the orbital angular momentum
for a grazing collision The experimental total kinetic energy loss scale has been related 1o
the L orbital angular momentum scale

The calendaied valines ol 72770 (Figures Ta. 2a. 3a. Tad show that in the 0428500,
AOMARS (o IR WSO IR 2SN IS0 reactions the exattation energy con
centrated in the heht produci<as significantiv farper than that corresponding to thermody
namic equilibrinmy, This s seen most ceariv i the resalts of caletations for 1he reactions
with A and “'Ca Thins, e fo of the short interaction time and the strong difference
in the shell siruetures of the colliding nucle, a thermodyiamic equilibrinm in the dinncear
system is not reachied

[t is seen (Figares 1020 3073 that i all these reactions an increase in the orbital aneulin
momentum leads 1o an inerease o the #2777 and 787 vatios. This means that the relative
contribution of particle hole excitations to the total exatation energy of the dinuclear system
also increases with the initial orbital angnlar momentinn [ 1t clear that when the velative
distance between the inferacting nuclei increases (e overlapping of the andear densities
decreases), the probability of nucleon exchange decreases more rapidly than that of the

inelastic exeitations of nnelen.

The results of the #5777 and B vatio caleulations (see Figures 10203 and 70 are

sensitive 1o the value of the N/Z-ratio of the projectile nueleus. From the values ol the
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Fig.1. The dependences of the ratios B (a). RN (b) and B0 () on Ufd, {1, =1
for the XAr42*"Cm reactions: X=34 (dotted line): X=40 (dashed linc); X=46 (solid line).

gr = lgrazing)

Fig.2. The same as in Fig.1, but for the XCa42*Cm reactions: X=40 (dotted line); X=44

{short dashed line): X=18 (long dashed line): X=54 (solid line).

BT ratio one can conclade that nucleon exchange is the main mechanism of kinetic en-

ergy dissipation. Comparison of the values of 170 and RZ/N shows that with increasing
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FIG. 3. The same as in Fig.1, but for the XCa+?3U reactions: X=40 (dashed line); X=48
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(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 o3 for the X(a+28U reactions as a function [/l:
the dashed (X=40) and solid (X=48) lines are 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 1o the total excitation
energy increases aud hecomes comparable to that of neutron exchange (Fig. 1h, 2b. 3b and
7b). This enhancement of the role of the proton subsystem in the dissipation process with
the increasing projectile N/Z  ratio is attributed to the increase in the protou separation
energy. As a result. the intensity and direction of the proton (neutron transfer (Figda, 1b.
5a, 5b, 6a. 6b. 8a and 3b} between the fragments of the dinuclear system are changed.

The increase in the separation 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 N/Z. A large
difference between the Fermi levels of interacting fragments can increase the number of
transferred protons from the target to the projectile. Application of a heavy isotope as
a projectile irncreases the difference between the last filled proton level of the projectile
nucleus and first untilled level of the target nucleus. As a result, the average excitation
energy per proton transter hetween a heavier projectile isotope and the target nucleus witl
be larger than that between a lighter projectile and the same target. This effect appears as
an increase in the tean energy of the proton subsystem displayed in the increase in /70
(Fig. 1b. 2b. 3b. 7hy and frte (Fig, Lo, 2e. 3ol Te) ratios. The contribution of the proton
particle hole excitation energs i the nuclel to the shared total excitation energy will be
significant at large values of the orbital angular momentun. 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 accomnt in caleulating of the pre cquilibrium nucleon yields.

In Figures 4a. 1b. Ja. 5b. 6a. 6b, 8a and 8bh the changes of the mean valuce of proton
(< AZp ») and neutron (< ANp =) numbers in projectile-like fragments of the ARy
B MAOAS Ny SRy ARSI 8y and U HNe 4 M8 reactions. as functions of
/1, are presented. The change o the < AZp > and < ANp > decreases with increasing
I because of a reduction in the overlap of nuclei. From Table T and Figures 4a, 4b, 5a, 5h.
6a, 6b. 8a and Bb the sensitivity of < AZp > and < ANp > to the proton and neutron

separation cnergies is scen. In Fig. da. 1h, our results are compared with the experimental

12
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PIG. 6. The same as in Figod. but Tor the YCa+*Cm reactions: X=10 (dotted line); N= 11
(short dashed line): X=1% (long dashed tine): X=51 (solid line).

data for < AZp > and < ANp > for secondary products of the ACASC Q4 B3R reactions from

[17]. Our results correspond to the primary products. According to our calculations. in
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FIG. % The ~ame s i Fig ot bt for the XNed#Ciny reactions: X =20 (dashed line); X =22

(sohid tine

the M Ca <20 reactions. the centroid of the charge distribution moves to increase the

charge asvinmetry in agreement with the experimentally observed increase in the yields of
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Table 1. The proton (8,) and neutron (S») separation energies of Ne, Ar, Ca,

Sp=-T62 (V). T3 (Cm: $u=-6.15 (), -6.21 (*5Cm) [52].
i Element Ne Ar a

! 1
A 200 22 34 10 16 40 44 48 54

L9 (MeN') 128511527467 |-12.53[-18.51] -8.33 |-12.17|-15.81|-22.00

&,, {(MeV)1-16.87]-10.36|-17.07] -9.87 [ -7.22 |-15.64|-11.13| -9.94 | -5.51
S

nuclides with masses greater than the mass of the target-nucleus [18,20]. In the reaction with
BCa, the charge distribution centroid is shifted to decrease the charge asymmetry, which
also agrees with the increase in the experimentally observed {18,20] yields of nuclides with

masses smaller than the mass of the target-vucleus. Unfortunately, for some characteristics

of the reactions the experimental data are not complete.

IV. CONCLUSION

These theoretical results show that the shell structure and the N/Z-ratio of the projec-
tite strongly affect the exeitation energy sharing between fragments and the mass (charge)
distribution of reaction products in deep inclastic heavy jon collisions. For strongly asymmet-
ric combinations, such as 2022 Ne 248y A6 AL 20800y 404815 1 2381 4 104448540,
8Cm, the excitation energy is about cqually shared between the products of the binary
reactions. [t should be noted that in all these reactions the ratio of the excitation cnergy of
the projectile-like nucleus to that of the target-like nucleus decreases with the initial osbital
angular momentum. The contribution of the proton exchange to the total excitation energy
increases with the 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 refative 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 momenturm.

15



Our calculations show that the excitation energy of heavy products of the reactions
should not be large. Therefore. 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 basis of the narrow form of isotope distributions. For practical purposes.
knowledge about the excitation energy distribution hetween fragments can be nsed to re-

construct primary reaction product yields [23].
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Anamsn [T »oap . E4-95-204
Brusiuug 060noucyHON CTpyKTYpb H N/Z-OTHOLUEHHS

B HAMETAKWUIEM SUPE HA PACTIPEdENeHHE IHEPIUH BO3OY X ICHHS

MEXILY B3AUMOJICHCTBYIOIIHMH SUPAaMH B TTYOOKOHEYMPYTHX CTOIK HOBERHSIX

PaccMoTpeHbl r1yBOKOHEYNpYrHe CTONKHOBEHHS CTAaOMIBHBIX H PAIHOAKTHBHBIX CHAPSIOB C THXe-
NBIMM MHIDEHAMH. MccneoBaHbl BIHSHHS 00071049€UHOH CTPYKTYphl H N/Z-OTHOILEHHS B HAleTalilleM
SIPE HA pacripelecHHe IHEPTHH BO3OYXKAEHHS MEXLY TPOIyKTaMH, HOTOKCHHSA MAKCHMYMOB H BETHYHHBI
JMCTIEPCHI 3aPSIIOBBLIX M MAcCOBLIX pacnpejie/ieHnid GuHapHbix npouyktos peakuun. Mccneiosana poip
HYIJTOHHOTO OOMEHa W YaCTHYHO-Abl *0YHBIX BO3OYXICHHH B TPaHCHOPMAUHH KHHETHYECKOH 3HCDIUH
OTHOCHTEJTBHOTO LIBHXEHUS BO BHYTPEHHIOW 3HeprMIo fitep. [10Ka3aHo, uTo HIMEHEHHE MACCOBOTO YHCIA
HATETAIUIETO 4P NPHBEIET K 3HAURTEIBHBIM H3MEHEHHAM KaK B PACPe:ciCHHH IHEPTHH BO3OYXIEHHS
MeXity (hparMeHTaMH, TAK M B 3apPSUOBOM (MAaCCOBOM) pactipeiefieHHH MpOUyKTOB peakuuu. [lpouecce
0OMEHA HYKTTOHAMH MEKI1Y BIAHMOIEHCTBYIOWMMH SUPaMH SRTACTCH OCHOBHBIM MEXAHH3MOM [IHCCHMAIHH
KHHETHYECKOH 3HEPIHH.

Pabora ssintonsiena 8 Jlaboparopuu treoperudeckon dminku uMm. H.H. Boroaw6osa OUSH.

MMpenpuut OGbeHEHHOTO HHCTHTYTA sLIepHBIX Hecaeaosanmi. [lybua, 1995

Adamian G.G. et al. E4-95-204
Effects of Shell Structure and the N/Z-Ratio of a Projectile
on the Excitation Energy Distribution between Interacting Nuclei in DIC

Deep inelastic collisions of stable and radioactive projectiles with heavy targets are considered. The
effects of shell structure and the N/Z-ratio of a projectile on the excitation energy distribution between
interacting nuclei, and on the centroid position and variance of the charge (mass) distribution of binary
reaction products are explored. The role of nucleon exchange and particle-hole excitation mechanisms
in the transformation of relative motion kinetic energy into the internal excitation energy of nuclei 1s
studied. It is shown that a change in the mass number of the projectile-nucleus causes a sufficient change
both in the sharing of the excitation energy between fragments and the charge (mass) distribution of
reaction products. The nucleon exchange process between interacting nuclei is the main mechanism of
dissipation.

The investigation has been performed at the Bogoliubov Laboratory of Theoretical Physics, JINR.
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