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1. Introduction

It has been shown in the first experiments on deep inelastic
collisions that the most probable total fragment kinetic energy is
approximately equal or even smaller than the Coulomb repulsion
energy if it is calculated under the assumption that the reaction
fragments are spherical, It was interpreted as an indication that
an essential contribution to the kinetic energy dissipation comes
from the effects of the fragment deformation in the exit channel.

At the game time, it was found that the deformation is stronger
when the fragments with approximately equal masses are created

The detailed investigation of the energy distributions of the
heavy-ion reaction products when the total charge 2 of the frag-
ments is larger than 100 has recently been performed in/2/. The ana-
lysis of the obtained experimental data performed under the assump-
tion that the main contribution to the kinetic energy comes from the
Coulomb repulsion of the reaction products allows one to determine
the dependence of +the distance between the centers of the
fragments at scission (D) on the mass asymmetry in the exit
channel. It was found that for the fragments with masses closé¢ to
the half total mass of the eystem, the value of D is described by
the expreasion D = 2, (AV3 A‘i) , where 2, is the parameter
equal to (1,8-2,0) fm and A A are the masses of the fragments.
With increasing mass-asymmetry in the exit channel, i.e. with increas-
ing mass of the heavy fragment, the value of D deviates from such
a dependence becoming smaller. The extrapolation of the experimental
dependence of D on the heavy-fragment mass to the target msss gives -
D=1.4 QA Aqu ) . Por the productis which are spherical at all
values of mass-asymmetry in the exit chamnel the parameter ¢, must
be a constant independent of mass-asymmetry.

These experimental data are in agreement with the current data
on the fission-fragment kinetic energies. It has been found in /3/
that the fission-fragment kinetic energies are determined not only
by the Coulomb repulsion but depend also on the fissility-parameter.,
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The deviations from the simple Coulomb dependence Q~'z?3 ‘22 ) of
the fission-fragment total kinetic energies have been observed
in

Thus, the explanatian of the observed dependence of D on mass-
~-agymmetry in the exit channel in both deep inelastic collisions and
fission requires investigation of a dynamical evolution of the form
of a composite system during the reaction process. The form evolu-
tion of the composite system in fission has been investigated in
several papers (see for examplels/). It was noted that with increas-
ing mass of the composite system the scission configuration becomes
more elongated.

In this paper we consider the most probable total kinetic
energies of the heavy-ion reaction products investigating the prob-
lem under different assumptions on the dynamics of the process.

2. The Influence of the Quadrupole Deformation of the
Pragments and the Nucleon Transfer on the Interaction
Barrier

Most of the papers devoted to the description of the deep in-
elastic heavy-ion collisions are based on the model Hamiltonian
containing as dynamical variables only the relative distance R
and the conjugated momentum F% « Other degrees of freedom have some-
times been taken inté account but not in a direct way. Por instance,
the deformation effects have been simulated by the difference bet-
ween the exit channel and the entrance chamnel potential. The nuc-
-leon exchange has also been considered in some papers but for the
fixed configuration of the double nuclear system.

In some papers, together with the relative distance vector R,
the dynamical variable characterizing the neck between the nuclei
has also been taken into account « In a more complefa form such
a model has been formulated in

In the following we shall analyse the problem of the most
probable fragment kinetie¢ energies using both the approaches.

In the framework of the first approach the kinetic energies
of the products of deep inelastic collisions and quasifission are
determined by the effective Coulomb barrier, The barrier depends
on possible dynamical deformation of nuclei during an interaction,
nucleon transfer between nuclei and so on. Since nuclear forces
acting between the nuclei are proportional to the nuclear contact
surface area, i.e. depend on maps asymmetry, it is possible that

the renormalized interaction barrier will have additional pure Coulomb
dependence on mass asymmetry in the exit chanpnel.
lLet us take into account a possible dynamical deformation of
the ‘fragments when they go through the barrier to scission. When zero
—vibrations take place, the distance between fragment surfaces
and therefore the nuclear and Coulomb interactions change. There-
fore\ﬁ -vibrations are coupled to relative motion
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where 1& is the nucleus-nucleus interaction potential containing
nuclear ZJ; Y Coulomb and centrifugal parts;
e

F(R) =(S/4T)% (Roy d Vo /dR - ¥/G2 R7) ).
Here, for shortness, we include in the Hamiltonian only J@ -vibra-~
tions of one of the fragments ( R, is its equilibrium. radius). The
contribution from_ﬁ -vibration of other fragment is easy to take
into account in the final expressions. Since near the interaction
barrier the contribution of the nuclear forces to F(R) is noticeably
larger than that of the Coulomb force, only the nuclear force con-
tribution will be taken. into account.

Further it is important to find a relation between the charac-
teristic times for radial motion and j}—vibrations. The characteris~
tic energy of {3 -vibration is ﬁwﬂ 2 1 MeV, If the radial friction
ig absent, the radial motion can be characterized by the frequency
of the reversed parabola WJ,

2
hw, = V,LTQ- AU, /dR* 1R=Ry )

determining the potential near the interaction barrier ( Rg = barrier
radius). The quantity f(&& is approximately equal to 3-=5 MeV.
So, in the absense of the radial friction we can regard that the

-motion is slower than the radial motion (Below, we get the re~
sult for the opposite case too).

Let us introduce a new variable A
R=17+3-B

neglecting the fact that this transformation does not commute with
the operator of the ﬂ -vibration kinetic energy which is small as
assumed. Then




H = L/‘ FRVA *G "{Uz - FUL))f5

RS 5 D NS &

Consider the function (3 57/22 -F) near the barrier. The deri-
vative dU./d2 is linear in 2 and equals gzero at 'Zr-kg .
The function F(z) is linear in 2 near the barrier and F{RB);t 1o
Let us write

§ QZ"{‘% “F@)=-FRe S + [ 3G - (F@)-F(re))] .

er determine g
?%%Lz - ( FU)—F(EB))

is equal to zero. Then

& U _ dF _
§(Tz’g 2=Rg %/zékg =0 )
f'%:lz-:RB B 4%7 Roy dzz/w/l 1/’1%'(""[_/1%2 -
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8o that the linear in ¢  part of the function

where

Vq,u[ and \é are the Coulomb and centrifugal potentials. As a re-
sult, we get
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With the help of transformation
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intrinsic Hamiltonian is reduced to the diagonal form and we get
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Thus, in the new variableg the radial and intrinsic motions are
recoupled. The coupling of the initial variables creates, firstly,
the decreape of the potential barrier

5%/: A ——ﬁm (1 + L———w‘ )
and secondly, the 1ncrease of the mtrimalc vibration stiffness:
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If the radial motion is slower than the ﬁ -vibrations due to ra-
dial friction, then for the renormalized potential barrier we get
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Parametrizing \/ and \/e% by the expressions
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Here, we take into account the excitation of f -vibrations in both
the fragments. The calculations for the reactions 40sr & 232Th,
64Zn + 223n show that 2,5~ 7,,; is approximately equal to 0.05fm.
The quantity 2,5 is practically independent of mass-asymmetry
in the exit channel.

In the adiabatic approximation the renormalization of Zog is
considerably larger. The difference los ~ 2.5 is (0.3-0.5) fm.
The variations of <2.§ with the exit channel mass asymmetry
parameter do not exceed 0.05 fm., It is insufficient for explaining
the experimental data.

The renormalization of the interaction barrier due to nucleon
exchange is also weakly sensitive to variations of the exit chan-
nel mass-asymmetry parameter. So, the coupling of the relative mo-
tion to fragment surface vibrations and the nucleon exchange can
renormalize appreciably the interaction barrier. But this renorma-
lization weakly depends on mass-asymmetry and is insufficient to
interpret the experimentally observed dependence of the most pro-
bable total fragment kinetic energies, The failure of the above
consideration may be due to implicit assumption that the evolution
from a combined double-nuclear system to scission is independent
of the mass-asymmetry in the exit channel.

3. The Calculation of the Interfragment Distance at Scission
on the Basis of Swiatecky's Model

The limitation mentioned at the end of section 2 is absent in
Swiatscky's model, in which, together with the relative distance R,
the parameter characterizing a neck size is introduced into consi-
deration.Based on this model, let us imagine the following picture
of the collision. Owing to the large mass-asymmetry in the entrance
channel and the high enough initial kinetic energy, the system app-
roaches a conditional saddle point where a neck size is enough to

start an intensive nucleon exchange. So, the .degree of freedom cha-

racterising mass-asymmetry gets unfrozen. The fragment mass diffe-
rence decreases. As a result , the Coulomb repulsion increases (with
increase in the product Z3-Z4) and a double nuclear system changes
the direction of evolution and starts a motion to scission. A turn-
ing point lies near the conditional saddle point corresponding to

a new value of the mass-asymmetry parameter reached during the app-
roach phase of the evolution. Since the characteristic time for va-
riation of the mass-asymmetry parameter is large in comparison with
the time-interval which is necessary for travelling from a saddle to

a gcission point, we can regard that the mass parameter is fixed on
the trajectory from the seddle point to scission. The assumption
that the turning point of the trajectory lies near the conditional
saddle point is very important for the following.

The consideration in the framework of Swiatecky's model is
carried out in terms of the variables V and & . The first of them
is equal approximately to the neck radius; and the second one, to
the length of the neck measured in units Zf{, where E=R,,3 Raz,Lng* Roy)
and R,, (K=34) 1is the fragment radius. The evolution of Vv and &
is described by the equations ’

d*6" | 2 dE - =0 G0
P PV Y X

dy _2v=3V~-6 (3.2)
AT = Gy Erve)

fore K- 0.041808 T4 G- L) ()T

PPN YUCE tatd
a[t- 12826 (A=22)/ A* ] is the effective fissility

parameter; Z is the total charge and 4 is the total number of
nucleons in a composite systemi 7£(A4-Ai)/A is the'masa-aaymmetry
parameter; Z?_Zlis the reduced masps and 7 is the ti?e measured

in units PVR/Y ( f 1is the nuclear demnsity, Y 1is the ave-
rage velocity of nucleons in nuclei and ) =0.9517 [1-1.7826 x
(A-Z,Z)z/Az ] (MeV £m?) is the surface energy parameter).

In deriving eqs. (3.1) and (3.2) it was assumed that the po-
tential energy of the system is a sum of the surface and Coulomb
energies and the dissipative function contains wall and window fric-
tion terms.

Thus, the model proposed to calculate the interfragment dis-
tance at scission can be formulated in the following way. The start-
ing point is a conditional saddle point the position of which is
determined by the exit channel mass-asymmetry parameter 7 in the
following way

Vo ZX“D )

G, = 2%() -3X°0).



A further evolution of the quantities V and G ie described by
eqs. (3.1) and (3.2). In the calculations we have assumed the initial
value of d5/dT 4o be equal to zero.

For this reason we change slightly the initial position of the
system in the V- & plane from the point (V,,6,) in the direction
of scission.

The calculations have been performed under different assump-
tions about the critical neck radius Cout at which the scission
tekes place

- luu'a{‘,:O
- it T o = 4,15 {um

2 . neck Zength.

The last condition has been formulated in /8/ and reflects the
stability condition found by Rayleigh. According to Rayleigh, a
filament of liquid remains stable as long as the wave length DN

of a perturbing vibration along filament's exis remains smaller than
filament's circumference.

The calculations have been done for the following.reactions:
40)r 4 232qy 22y, , 232q, 22y, , 238y 325, 238y 22y, , 197,,

. Sn, The theoretical results for the interfragment

distance at scission D together with the experimental results

are shown in figs. 1 and 2. The total fragment kinetic energy et
scigsion has been .calculated as well.

What conclusions canh be made? Firstly, in the case of very
heavy composite systems the calculations based on Swiatecky's model
are in good correspondence with the experimental data. The best re-
sults are obtained under the assumption that zau[ = § neck
length, Secondly, if we go to more light composite systems like
Ne + Au or Zn + Sn the agreement between the theoretical and the
experimental results is destroyed. In the reaction 22Ne + 197Au
due to the decresse of the production cross-sectipn with increas-
ing mags-esymmetry parsmeter a sharp fall of D with mass-agym-
metry has not been found experimentally. For the reaction 64Zn+1228n
we cannot explain the sharp fall of 7 with increasing mass-
-ggymmetry at all,

The total fragment kinetic energy at scission amounts to
5-‘0 MoV for the consgidered systems, i.e, it is small in comparison
with the energy of the Coulomb repulsion.
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Pig. 1. Dependence of the distance between the fragments at

scigsion D on the heavy fragment mass A in the re-
actions CAr (220 Mev) +232mh, 22¥e (179 MeV) +232mn,
22ge (179 Mev) + 238y, 325 (192 Mev) + 238y

xxx experiment;

— + — . — theory, Zwit =0

— — —theory, Tt =20 = 1.15 fm

——— theory, vyt = %4 x neck length;

sese D= const (A;” + A;“)



Fig, 2. The same as on fig. 1 but for the reactions
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2250 (179 MeV) + '97Au and 4zn (315 Mev) + '%2sn.

Thus, in the case of very heavy composite systeme with the

total charge 7 > 100 the parametrization of the form of a double
nuclear system suggested in 4 is successful. The problem of the
choice of dynamical variables to describe the collisions of lighter
nuclei must be investigated further. The above consideration has
been performed under the assumption that the collisions ere central

or

near central. For lighter systems due to the decrease of the

moment of inertia the angular momentum plays a more important role
and must be taken into account.
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Ixonoc P.B., Hacupos A.K., Nepmakos B.Il.
O nonHBX KHHETHYECKHMX 3HeprHAX NPOAYKTOB
rny60KOHEYNPYTHX CTOJKHOBEHHH TsKeJbIX HOHOB
H KBasH[eJIeHHA

AHanusHpyeTcsa BJIHAHHEe OUHAMHYeCKOl pedopManuu dparMeH—
TOB, O6MeHa HYKJIOHAMH H GOpMHPOBAaHHsa ''meiikn', cBA3bBalomeit
OBa Afpa, Ha KOHQHUrypaiHo OBOHHOM sAnepHoil cHCTeMb! B MOMEHT
pas3puiBa. llokasaHo, 4YTO HH AHHaAMHUecKad OetdopMauHa ¢parMeH-
TOB NIIPH MPOXOXOeHHH 6apbepa, HU OGMEH HYKJIOHaMH He MOTrYT
o6bACHHTL HabmofaeMoH 3aBHCHMOCTH HaHGonee BepOATHOH Noja-
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acHMMETPHH B BBIXOGHOM KaHane. YueT o6pasoBaHua ''meiikd'' nos
BONAEeT OGBACHHTL SKCIEPHMEHTAIIbHbHE AaHHLHIE O PeaKUHAX, B KO
TOPHX CYMMapHHII 3apsan CTanKUBawmuxcsa sagep npessmaeT 100,

Pa6ora BmnonHeHa B JlaGopaTopuu TeopeTHYecKoit GH3IHKH
OHAH.
TMpenpuHT O6HEAHHEHHOr0 HHCTHTYTA ANePHBIX HccnenoBanuii. Jybna 1987

HOM KHHeTHUYeCKOil HepPrHH NpOOYKTOB peakKiHH OT MaccCOBOMH F
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Jolos R.V., Nasirov A.K., Permjakov V.P.
Total Kinetic Energies of the Deep Inelastic
Heavy-Ion Collision Fragments and Quasi-Fission

The most probable total kinetic energies of the heavy-
ion collision fragments are considered. The influence of
the fragment dynamical deformation, nucleon transfer and
the neck formation on the scission configuration of the
double nuclear system is analysed. It is shown that the
dynamical deformation of the fragments on the way to scis-
sion and the nucleon transfer cannot explain the observed
dependence of the most probable kinetic energies of the
fragments on the exit channel mass asymmetry. The inclusi-
on of the neck formation into consideration gives us a
possibility of reproducing the experimental data on the
kinetic energies for heavy composite systems with the to-
tal charge Z ~ 100.

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