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1. Introduction 

It has been shown in the firat experimenta on deep inelaatic 
colliaiona that the moat probable total"fragment kinetic energy ia 
approximately equal or even 8maller than the 'Coulomb repulsion 
energy if it is calculated under the aasumption that the reaction 
fragmenta are apher1cal. It waa interpreted 88 an indication that 
an essential contribution to the kinetic energy dissipation comes 
from the effecta of the fragment deformation in the exit channel. 
At the aame time, it waa found that the deformation is stronger 
when the fragmenta with approximately equal masses are created/1/ . 

The detailed investigation of the energy d1atributions of the 
heavy-ion reaction products when the total charge Z of the frag
menta is largar than 100 has recently becn performed 1n/2/. The ana
lysis of the obtained experimental data perf9rmed 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 
tbe dependence of tbe distance between the centers of the 

'I 
fragments at scission (D) on the mass asymmetry in the exit 

channel. It was found that for the fragments with massea closa to 
the half total mass of the system, the value of D is described by 

1/3 1/3the expzeaaãon D =. ~o ( A +-A~) , where 2 0 is the parameter
3 Aequal to (1,8-2,0) fm and are the masses of the fragmente.3 jAq 

I 
With increasing msss-ssymmetry in the exit channel, i.e. with increas
ing mass of the heavy frsgment, the value of D deviates from such 
a dependence becoming smaller. The extrapolation of the experimental 
dependence of D on the heavy-fragment masa to tbe tsrget maee givea 

"1/3 A113 )

,I D.1.4 (A3 +-" . For tne products which are spher1cal at all 
values of masa-asymmetry in tbe exit charmel the parameter Zo muet 

I 
~ be a constant independent of masa-aeymmetry. 

These experimental data are in agreement with the current data 

~ 1'1 on the fission-fragment kinetic energies. It has been found in /3/ 
I 

that the fiasion-fragment kinetic energies are determined not only 
by the Coulomb repulsion but depend slso on the fiaaility-parameter. 
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The deviations from the simple Coulomb de pendence ( ......... Z 3 '2" ) of
 
the fission-fragment total kinetic energies have been observed 
in	 /4/. 

Thus, the explanatiun of the observed dependence of D on mass
-asymmetr,y 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 procesSe The form evolu
tion of the composite system in fission has been investigated in 
several papers (see for example/5/ >. It was noted that with increas
ing mass of the composite eystem 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 dynamios of the procesSe 

2.	 ~e Influence of the_Quadrupole Deformation of the 
Fragments and the Nucleon Transfer on the Interaction 
Barrier 

Most o~ the papers devoted to the description of the deep in
elastic heavy-ion collisions are based on the model Hamlltonian 
oontaining as dynamical variables only the relative distance R 
and the conjugated momentum PR • Other degreee of freedom have some
times been taken intó account but not in a direct way. Por inetance, 
the deformation effecte have been simulated by the difference bet
ween ~he exit ohannel and the entrance channel 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 /6/. In a more complete form such 
a model has been formulated in /7/. 

In	 the following we shall analyse the problem of the most 
probable fragmeat kinetio energies using both the approaches. 

In	 the framework of the first approaoh the kinetic energies 
of	 the products of deep inelastic oollisions and quasifission are 
determined b.Y the effective Coulomb barrier. The barrier depends 
on	 possible dynamical deformation of nuclei during an interaetion, 
nucleon transfer between nuclei and so on. Since nuclear forces 
acting between tne nuelei are proportional to the nuolear contact 
surface area, i.e. depend on mass asymmetr,y, it is possible that 

2 

the renormalized interaction barrier will have additional pure Coulomb 
dependence on mass asymmetry in the exit channel. 

Let ua take into account a possible dynamical deformation oT 
the 'fragmenta when they go through the barrier to scission. When zero 
ft-vibrations take place, ~he distance between fragment surfac8s 
and therefore the nuclear and Coulomb interactions change. There
fore ft-vibrations are coupled to relative motion 

K ,f"
1-1 = - 2(' cfR2. +Li (R) - FlR) '. ft + f c, ft2_ 

t2 d2. 
- 2 B df2. 

where ~ is the nucleus-nucleus interaction potential containing 

nuclear l!;;i.lc! ' Coulomb and centrifugaI parts; 

F(R ) :; (05 / ~ 7í) '12 (R o't d 1J;.J~(ee / cf R - 't /(yI R3) ') . 
Here, for shortness, we include in the Hamiltonian only j5 -vibra
tionB of one of the fragments ( Ro~ is its equiliprium.radius). The 
contribution from J3 -v~bration 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 peR) is noticeably 
larger than that of the Coulomb force, only t~e nuclear force con
tribution wíll be taken· into account. 

Purther it is important to find a relation between the charac
teristic times for radial m9tion and ~-vibrations. The characteris

tic energy of fi -vibration is I; Wj3 x 1 MeV. If the radial friction 
is abaent, the radial motion can be characterized by the frequency 
of the reversed parabola UUL 

tWL = 1ft' (-(,flft./dR2Ip-=R~>, 
determining the potential near the interaction barrier (R8 - barrier 
r-adí.ua ) , The quantity t WL ia approximately equal to 3-5 MeV. 
So, in the abaense of the radial friction we c8n regard that the 
fl-motion ia slower than tbe radial motion (Below, we get the re
sult for tbe oppoaite case too). 

Let us introduce a new variable ~ 

R= Z-t1·J3 
neglecting the fact that this transformation does not commute with 
the operator of the fi -vibration kinetic energy which is emall as 

..~,rt 

assumed. Tben 
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'::: _ t2. 011.	 .' intrinaic Hamiltonian ia reduced to the diagonal forro and we get
/-1 21' JtZ + l{ ('2.) t V~~ - Fl<t» 1> 

H> - .A..'L L + ("U l'L) _.1- F
2 

(R i2. (1 +- I' uJ; 12. \- Y'f )
2/ 2t oh.. L ,z c, \. c, )

+ (	 J;.4 - ~ JF +. 1.}2. J'z1.JL) 1<2. _ L J2.
 
2, li 2 ~. s: 2 13 "'13 2
 

+ ( 1- C R2 _ L etf 2. ) ( 1+- j'11XJ; ,2 ) (/2., 

Consider the function O~ - F) near the barrier. The deri  \ Z 4 Y 2 13 J f 2. \ ('lI • 

vative cu: / ti? ia linear in 'l.- and equala zero Bt Z.::;!<S. '1\.,The funct10n F(2.) 1s linear in Z. near the barrier and F(Rs)1 O " 

Let us write Thus, in the new variablea the rad1al and intrinsic motions are 
recoupled. The coupling of the initial variables creates, firstly, 
the	 decreaae of the potential barrierfi (~j"f -Fl'L)) = -F(RB)j3 +- [1 ~ -(FtG) - F (RB))I ,6 . 

'li./ 2. 2... 2. f
V. 't» = V - F lRBl ({ + ~ WL ~)- , 

I:> & Z (4 c, 
and secondly, the increase of the intr1nsic vibration atiffneaa: 

We determ1ne ~ so that the linear in ~ part of the funct10n t uJ ~{= ; vJ (J' .f4 uJ:l2. )1/2
7 13 h J3 'I r C" . 

~~~ - (~CJ.)-F(R8)) 
1s equal to zero. Then 

If the radial motion ia slower than the fi -vibrationa due to raJ cflE I - J F J = O dial friction, then for the renormalized potential barr1er we get~ "2=R lZ 2.;;RB )s 
where V,t\J -= V _.1.. F 

2
( RB ) 

z l3 õ Z C4i.f\ = ,rs R J2.ifl'ludt ::: ,If R [-/WL Parametriz1ng V and V/3eR by the expressionsd?. 2.=R Y0i o~ -In2 . _ V~ o't B6 fI7 c, ~-RB 

:L	 1/!, ('3 J - (dZVcoJ t 0/ ,Y:- ) ] V	 ::: e Z3 l 't / [2 0B (A3 + A ) ,e	 f\.õ1"F dZ 2 'l.=R B , 

Jv 11= e 2. Z Z / [ z# (A1/ A1/] )]
B .> ~ 08 3 + 'tVcout and ~ are the Coulomb and centr1fugal potentials. As a re

sult. we get we get for c:lf 
+2. .12. uJ2 ?z.
H:: -..!L. J!L t U ('2.) + .L C. (11- fi L S ""\ R2_
 Ze:H-	 2J 'l.t2/" d'l2. Lo. 2"J \ r ) r -.E!i = 1+- [S/8'Tí ( R~3 to Roit ) ...1- ( .d ( Vc.xd t ~ ) \ ) 2. ] / 

GoB a C; Ve 01 ê 2..::: ~ B
2 . t ~ 

- F(R B } ft - 28 cI ft2. . 
[ 1 +- -S. (E.h t- R:'t )f 2.}'\ uJZ (1 r (F'(v~ +~) I /jfvJ2.J

8'ii C. 3 C~ -, I t. d '2. 2. l~ R8 I Z 

With the help of transformat10n 

_ l..( d (VCc<d + '{ ) I _ )2.)]. 
, } = (1, 1'~1}\ f [ fi, F(Ra) Ut- j'l\Ú':5 ~ ] VB\ d~ ~~RB~~ '1~ Cq c~	 t. 
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a ecission point, we can regard that the mass parameter is fixed onHere, we take into account the excitation of fi -vibrat10ns in both 
the trajectory from the saddle point to scission. The assumptionthe fra~ents. The calculations for the react10ns 40Ar + 232Th, 

64zn + 22Sn show that ~~- toa is approximately equal to 0.05fm. 
The quanti ty lati is practically independent of m8ss-asymmetry 
1n ~he ex1t channel. 

In the adiabatic approximation the renormalization of ~OB is 
cuJ

considerably la.rger. ~e d1fference (.05 - Zoa ia (0.3-0.5) fm. 
The variat10ns of ~~8 with the ex1t channel mass asymmetry 
parameter do not exceed 0.05 fm. It 1s insuff1c1ent for explain~ng 

the experimental data. 
The renormalization of the interaction barr1er 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
tio~ to fragment surface vibrations and the nucleon exchange can 
renormalize appreciably the interaction barr1er. But this renorma
lization weakly depends on m8ss-asymmetry and is insufficient to 
interpret the experimentally observed dependence o~ the most pro
bable total fragment kinetic energies •. The failure of the above 
oonsideration m83 be due to implicit assumption that the evolution 
from a combined double-nuclear system to scission is independent 
of the m8ss-asymmetry in the exit channel. 

3.	 The Calculation of the Interfragment Distance at Sciss10n 
on the Basis of Swiatecky's Model 

The limitation mentioned at the end of section 2 is absent in 
Swiat~cky's model, in which, together with the relative distance R, 
the parameter characterizing a neck size is introduced into consi~ 

deration.Based on this mo~el. 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 cond~tional saddle point where a neok size i8 enough to 
start an intensive nucleon exchange. So, the .degree of freedom cha
racterising mass-asymmetry gets uriírozen. The fragment mass diffe
rence decreases. As a resu~, the Coulomb repulsion increases (with 
increase in the product Z3·Z4) and a double nuclear system changes 
the direotion of evolution and starts a motion to scission. A turn
ing point lies near the conditional eaddle point corresponding to 
a new value of the mass-asymmetry parameter reached during the app
roach pnase of the evolutlon. Since the characterietic time for va
riatton of the mass-asymmetry parameter is large in comparison with 

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 terma of the variables V and él • The first of themf'l 
is equal approximately to the neck radiue; and the second one, to 
the length of the neck measured in units 2R, where R=R0 3 RO{ lRo3+ RtI't)~) 
and F. oK (1(';:: 3{ ~) is the 'fragment radius. The evolution of V and es
is described by the equations 

1'1	 012.(;'" + y2. dó +- v-v .=0 <3.1) 
I	 d 't2. 17fT I' 

sv 2V-3y2.~b <3.2)
dT ::: 4 'Y (b f- Yz, ) 

1
Here x= 0.041808 z~ l1-t·)113 [U-r)1/] t- l1f-()1 3 J - 1 

--. [1- 1.1826 (A -21)2./ A2. J- f is	 the effective fissility 

parameter; i! is the total charge and A is the total number of 
nucleons in a composite system; t= (A" -A!,)/ A is the m8ss-asymmetry 
parameter; t is the reduced' mass and (;' is the time measured 
in uni ts P 11" 'R2.l t (.9 is the nuclear densi ty , ir is the ave
rage velocity of nucleons in nuclei and ~ =0.9517 [ 1-1.7826 x 
(A-2l.)2. I A2. ] (KeV fm2) 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
tanoe at scission can be formulated in the following way. The start 
ing point is a conditional saddle point the position of which is 
detel"mined by the exi t channel mass-asymmetry parameter r in the 
following way 

l 
f." 

!~
 
'lo = "f.... ~'>{) )
 

6'0 = 2 X lV - 3 X2.l~) .
 

th~ tima-iDterval which is necessary for travelling from a saddle to 
~, 
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A further evolution of the quantities Y and {) ie describedby 
eqs. (3.1) and (3.2). In the calculations we have assumed the initial 
value of dó/d'L to be equal to zero. 

For this reason we change alightly the initial position of the 

system in the V - 6' plane from the point \ Yo i~') in the direction 'j
of scission.	 t . 

The calculations have been performed under different assump- i 
tions about the criticaI neck radius GvUt at which the scieaion (~~ 
takes place 

7., v-t.d =	 O 

LuU.t ;: (.0 = 1. 1S t .... 
- ~oUJ.. } zt e c« fen9-t.h.=o li, 

The laat condition has been formulated in 181 and reflects the 
stability condition found by Rayleigh. According to R$Yleigh, a 
filament of liquid remains stable 8S long as the wave length ~ 

of a perturbing vibration along filamentta Biis remaina amaller than 
filament's circumference. 

The calculations have been done for the following.reactiona: 
1~~Ar + 232Th, 22Ne + 232Th, 22Ne + 238u, J2S + 238u, 22Ne + 191Au 
and 64zn + 122s n• The theoretical reaults for the interfragment 
diatan~e at 8cisaion ~ together with the experi~ental results / 21 

are shown in figa. 1 and ~. The total fragment kinetic energy at 
sci~sion has been.calculated as w~ll. 

What conclusiona can be made? Fi~stly, in the case of very 
heavy composite systems the calculationa based on Swiatecky's model 
are in good correspondence with the experimental data•. The beat re
aulta are obtained under the assumption that Z~: j 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 resulta is destroyed. In' the reaction 22Ne + 191Au ! 
due to the decrease of the production cross-sectinn with increas
ing maas-Bsymmetry parameter a sharp falI of ~ with mass-asym Imetry haa not been found experimentally. Por the reaction 64Zn+122Sn 
we cannot explain the sharp falI of ~ with increaaing mass- i 
-ssymmetry at alI. ~.The total fragment kinetic energy at Bcission amounts to 

\ 

5-10 MeV for the considered systems, i.e. it ia amall in comparison 
with the energy of the Coulomb repulaion. 
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Pig. 1.	 Dependence of the distance between the fragmenta at 
scission ~ on the heavy fragment mBsa A in the re
actions 40Ar (220 MeV) +232Th, 22Ne (119 HeV) +232Th, 
22Ne (179 KeV) + 238U, 328 (192 MeV) + 238u. 
xxx experimentl 
-. - 0 theory, 7.cn..i.:t =0 ; 

- theory, 't.~; 'lo -= 1.15 Im 
----- theory, 1..Vt.i.t =. 2/8 " nack length;.... ])= co ns i (A;13 + A:/3 ) 
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.1 
) 

Thus, in the case of very heavy composite aystems with the 
total charge L? > 100 the parametrization of the form of a double 
nuolear syatem suggested in /7/ ia eucceseful. The problem of the 
ehoioe of dynamieal variablee to describe the collieions of lighter 
nuelei muat be inv6etigated further. The above coneideration hae 
been performed under the aeoumption that the collieions are central 
or near central. Por lighter eystems due to the decreaee of the 
moment of inertia the angular momentum plays a more important role 
and muet be taken into account. 
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A-onoc P.B., HacHpoB A.K., TiepMHKOB B.TI. E4-87-822 
0 DOnHNX KHHeTHqeCKHX 3HeprHHX DPOAYKTOB 
rny60KOHeynpyrHX CTOnKHOBeHHH T~enNX HOHOB 
H KBa9HgeneHHH 

AHanH9HpyeTcg BnHRHHe AHHaMHqecKoH ge~opMaqHH ~parMeH
ToB, 06MeHa HYKnOHaMH H ~OpMHpOBaHHH 11WeHKH11

, CBR9biBaJO~eH 

ABa Rgpa, Ha KOH~Hryp~HID ABOHHOH ggepHOH CHCTeMbl B MOMeHT 
pa9PbiBa. lloKa9aHo, qTo HH AJ{HaMHqecKaR geclJopMa~g clJparMeH
TOB DpH DPOXO~eHHH 6apbepa, HH o6MeH HYKnOHaMH He MOryT 
OObRCHHTb Ha6niDgaeMOH gaBHCHMOCTH HaH6onee BepORTHOH non
HOM KHHeTHqecKOH 3HeprHH DPOAYKTOB peaKQHH OT MaCCOBOH 
acHMMeTpHH B BbJXOAHOM KaHane. YqeT o6pa9oBaHHR "meHKH11 no31-
BonReT o6~RCHHTb 3KCDepHMeHTanbHble gaHHble 0 peaK~RX, B KO 
TOpbJX CYMMapHbiH 3apgg CTanKHBaiD~CR ggep npeBbiWaeT 100. 

Pa6oTa BbiDOnHeHa B na6opaTOPHH TeopeTHqecKOH $H9HKH 
OIDUf. 

DpenpHHT 06"JoeJlHHeHHoro HHCTHTyTa Jlllepublx HccnellOBaHHii. ,lJ;y6Ha 1987 

Jolos R.V., Nasirov A.K., Permjakov V.P. E4-87-822 
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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