
F IZIKA 9 ( 1977) Supplement 4 ,  513-558 
(Proceedings of the lnt. Symp. on Nuclear Collisions and 
Their Microscopic Description. Bled, September 1 9771 

Relaxat ion Phenomena in Deeply Inelast ic 

Heavy Ion Colli sions + )

· Georg Wol schin

Inst itut filr theoret i sche Phy sik der Universitlt and 

Max-Planck- Inst itut filr Kernphy sik , He idelberg 

Mass transfer , energy and angular momentum dissipat ion 

in deeply inelast ic collisions between heavy nuc l�i are 

invest igated in a transport theoretical approach . The 

Fokker- ?lanck equat ion as an approximat ion of t he master 

equat ion for the internal degrees of freedom is discussed 

in detai l , together wit � a microscopic model for the 

calculation of drift and diffus ion coefficients . Analytic 

expressions for these transport coeffic ient s are derived . 

Comb ining the t heoret ical result s wit h t he mean i nt eract ion 

t imes obtained in an analysis  of  experimental data , we 

calculate element d istribut ions as weil  as mean value and 

variance of the dissipat ed angular momentum . Good agreement 

with recent experiment al element distribut ions and t -ray 

mult iplicity data is obt ained . 

+ )  
Work support ed by the "uesellsc haft filr Schwerionenforschung" ,
Darmst adt , and the "i>undesmini'sterium r.nr Forschung und
Tec hnologie " . Bonn .



514 

1 . Introduct ion 

Deeply inelast ic co l l isions between heavy nuc lei offer 

a unique possiblity to study relaxat ion processes in a 

small  qua�tum system .  Although the ident ity of  proj ect i le 

and tar get is essent ially pre served in these react ions , 

a large amount of mass can be transferred , the relat ive 

kinet ic e nergy is dissipat ed and relat ive angular momentum 

is t ra nsferred to int ernal angular momentum of t he fragment s 

during t he int eract ion t ime [ 1-3J . The corre lat ions between 

total kinet ic  energy and. proton number of  t he proj ect ile­

like fragment s shown in Fig . 1 for various systems l 3 ]  

exhibit the large and cont inuous energy d amping down t o  and 

below the Coulomb barr ier for spherical fragment s  wit h  an 

increasing amount of nucl.eon trans fer . In add it ion , t he 

measurement of '{-ray multiplicit ies from the deexc it ing 

rragment s or angular correlat ions of fragment s from 

fissioning react ion produc t s [ � ]  have recent ly demonstrat ed 

. the importance of t he transfer of relat ive angular momentum 

to int rinsic angular momentum of the fragment s .  An example 

for t he correlation of measured '(-ray multiplicities wit h 

energy loss  [3 J i s  shown in Fig . 2 . Wit h increasing energy 

relaxat ion also t he int ernal angular momentum of the fragment s 

increases and saturates  in  t he complete ly damped region . 

For these heavy systems , the wave lengt h in the relat ive 

mot ion is smal l  as compared to  characterist ic l engths of t he 

interact ion pote nt ial . Consequent ly it is frequently possible 

to consider collisions between heavy nuclei  in t he c las sical 

limit . Accord ing to t he classical picture [ 5 ] of Fig�. 3 , �;
deeply inelast ic collisions occur for impact parameters b 



( or relative angular momenta  e ,  sufficient ly smaller than 

the grazing value b3,. (� .. ) and larger than the crit ical

value b,r l�r)below which the nuclei fuse  to  from a .c�mpound

nuc leu s .  rn a d·eeply inelast ic collision , ·the two ions 

form a rotat ing c omposite (dinuclear , binary , two•body ) 

system for an int eract ion t ime ot the order or 10·21s .

Depending on the inc ident energy and the size ot the · 
system , the orbits may be pul led to negative scattering 

angles by the attractive nuclear potent ial , but the  

memory of the  entrance channel i s  not lost completely as  
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in the formation or a compound nucleus . As ind icated· 

schemat ically in Fig . 4 ,  the deeply inelastic collision 

process  i s  t he dominant part of the total reaction cross  
section for suffic ient ly heavy systems at  incident energies 

J ust above the Coulomb barrier up to about 10-20 MeV/A . 
Beyond this energy , the beam momentum per nucleon becomes 

larger than the Fermi momentum and consequently equilibration 

processes  between the nuc le i  become increasingly unimpor-
tant [ 6 ) .  

At present various  theoretical approaches doal with 

different aspect s of the deeply inelast ic colliiions . Many 
stud ies of the relat ive mot ion have peen performod by 

introducing dissipative t erms ( fr iction foroes ) into the 

c lassical equat ions of mot ion ( 1 ] . This allows to calculate

gros s  angular distribut ions in the c lass ical approxim�tion 
as well as the mean energY. and angular momentum loss . However , 
no attention i s  paid to the mass  transfer , and the neglect 

of statistical and quantal fluctuations prevent s a complete 

description of the physical situat ion . It has been shown by 
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N6renberg [ 8 ]  that the �elrxation processes encount ered 

in these react ions can be understood as transport pheno ­

mena and described by mast er equat ions and Fokker-Planck 

equations . These equat ions have also been used by Moretto 

et al . [ 1 ,9 ]  , Nga et al . ( 10) and others to  investigate 

mass t ransfer and energy _ d i s sipat ion in deeply inelastic 

colli sions . This approac h i s  complement ary to the c lassical 

dynamical calculat ions  s inc e the int ernal degrees of 

freedom are considered expl icitly whereas the relative 

mot ion is  eliminat ed . Although very recent ly several statis-

t ical treatment s have been deve loped which expl icitly 

include t he relat ive mot ion [ 1 1 }  , the success  of the 

simple stat ist ical models in par t icular to describe the 

mass  t ransfer [a , s , 12] J ustifies  a further pursuit of t hi s

approach . We subsequent ly describe the bas ic equat ions and 

the extension of a microscopic quantum-stat i st ical model 

[ 13 , 14 j  for the c alculat ion of mass  and energy transport 

coeffic ient s to inc lude the angular momentum dis sipat ion [1 5] . 

Analyt ic expre ssions for ma ss , energy and angular momentum 

drift and d
.
1ffus ion coeffic ient s are given . In sect ion 3 ,

we present a phenomenological model to treat t he relat ive 

mot ion that allows to det ermine e -dependent mean int eract ion 

t imes from experimental data [ 12 ] . This is used to det ermine

experimental transpor � coefficient s  which are compared with 

the theoret ical values to  test t he validity of the micros ­

copic theory . Alt ernat ively , we can calculat e mass or element 

distribut ions ( section 4 )  and angular momentum distribut ions 

( sect ion 5 ) .  Bot h  are compared in detail wit h recent 

measurement s . 



2 .  Microsc opic Transport Theory 

Because of the large level densit ie s of the highly 

exc ited fragment s in deeply inelast ic collis ions , only 

mean quant it ies averaged over many channels are observed , 

In microscopic transport theories one att empt s an  accurate 

treatment of these macroscop ic observables which are 

obtained as averages over int ernal states in a coarse• 

graining pr0cedure [1 6 J .  For the t ime evolut i�n of  t he

..) � � ) macroscopic probabil it y d ist ribut ion 'P ( y ,  ..-, P �· I: 
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a generali zed mast er equat ion [ 5 ] can be derived . Typical

examples for the relevant macroscopic variables f = (Yr � · ·  :/ Y1- )

are mass asymmetry A1/A , int ernal angular momentum component 

M and total exc itat ion energy E .It • Most of  t he microscopic 

transport equat ions introduced so far [ 11j treat the relat ive 

mot ion in the classical approximat ion , i . e .  the probability 
.l, 

distribut ions are regarded as narrow d istributions �n r 

and p centered around the mean values . Assuming that t he 

characterist ic t imes in 'P{ �,  �. f'i -1) are large as  c ompared 

to the memory t ime [ 1 6 ] which limits  the phase coherence i n  

the syst em , memory effect s  can b e  neglected . A s  discussed by 

Norenberg in ( s ] , t he generali zed master equation then 

trans forms int o  two coupled equat ions ( 2 . 1 )  and ( 2 , 3 ) ,  The 

classical equat ion of mot ion for the mean values <p( i)) i s  

y {t)<f (t).) • ( 2 . 1 )

� 
The mean potent ial <v)

-t 
and the friction t e�sor <f are de-

termined by the t ime -dependent occupat ion probabilit ies 
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( 2 . 2 )  

whic h  are solut ions of the master equation 

with the level densit ies � and the transition probability W .

In dynamical calculations to describe the relative mot ion 

[ 7 ] , ( 2 . 1 )  is  solved usually with phenomenological frict ion 

coeffic ient s and pot ent ial s .  Whereas the simultaneous 

solution of ( 2 . 1 )  and ( 2 . 3 ) would provide a rather complete 

descript ion of deeply inelast ic collis ions , we focus on the 

treatment of t ime- irrevers ible re laxat ion processes in  the 
4 

.. 
macrosc op ic variables y as desc ribed by the mast er equation 

( 2 . 3 ) . Since matrix element s for one -part icle transfer are 

muc h larger than for two-partic le transfer , the trans it ion 

probabil ity w(y,,j; +) has a width of two mass  unit s only .

The width in energy can be estimat ed [ 5 ]  as 6 � 2 MeV , in 

angular momentum [1 5 ]  as A j � 2 .  Consequent ly , the transit ion 
� � ,  

probabil ity is  essent ially different from zero only for y � y 

{
� , 1 Pt�' -l l  � ,  � 

and we may expand J 'J / and J , J around y = y in  ( 2  . 3 ) .

Retaining terms up to se cond ord er , the Fokker -Planck equation 

[a] is  obtained
I f 

Jz;, i) = -> d:, r 0.:( 1. ,) ? 1$ t) J + L J
j' 
� � yJ1),j· ( g.1 J?(g.t) J c  2 • 4 )

t'= 1 t�j" :: 1  

The probability d istribut ions are det ermi ned i n  terms o f  the 

drHt vector J::  {"1 , . . , U:f ) and the diffusion tensor {'J\f j .



. The component s of the d iffusion tensor are defined on 

the microscopic level [13-1 6] 

with  t he interact ion V and the memory t ime ( Ii = -i) 

519 

( 2 . 5 ) 

(2 . 6 ) 

Here the brackets ( . . . .)f denote the mean values over stat es
.:.. A 

of the composite system with fixed y and y� is the operator 

corre sponding to the variable y . • The component s o.f the 
L 

drift vector 

( 2 . 7 ) 

are determined by the d iffu sion coeffic ie nt s  and the level 

density of the - composite system .  These expressions allow 

for a microscopic calculation of the transport coeffic ient s . 

The results of such a calculat ion may be compared wit h 

experimental values of the dri ft and diffusion coeffic ient s 

deduced from a compari son between exper imental data and the 

solut ions or ( 2 . � )  for simplified as�umpt ions about tr and 

[J>q f [ s , 8 , 12 , 1 4 ] .  In the follow:ng we briefly d e scribe the

microsco�ic model of Ayik .et al . [1 3-15] for the evaluat ion 

of ( 2 . 5 ) and ( 2 . 7 ) and give the analytical result s . 

The macroscopic variables treated explic itly are 
> 1: (A,,, H, E J· We evaluat e the transport coeffic ient s  for

the�e var iables in a single-part icle model illust·rated 
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schematically in Fig . S .  The mean values in ( 2 . 5 ) and 

( 2 . 7 ) are replaced by mean values over simple shell model 

states of the separated spherical frag�ents wit h constant 

single-particle density .  The init ial or final state may 

correspo·nd to the same nucleus (excitation) or to different 

nuclei ( transfer and exc itat ion ) . Thus , the Hamiltonian 

can be written as 

{ 2 . 8 )  

+ with  creation and destruction operators a
v I Q

r' 
in single-

particle states Y.-, f , respectively . Here , 

1-/0 : ./-/0 ( A., e, H )=) (,. e: e,,. + �
11 

(A1) ( 2 . 9 )  

c ontains tbe ground state energy lleH (�.,) of the composite

systems with asymmetry A1/A , relative angular momentum e 
and internal angular momentum component M • It i s .  referred 

to as the driving potential since the mass drift coeffic ient 

�A turns out to be proportional to 'cJl.leH / JA1 • It is given by'

(e- H) 2 
+ -1f!._

2 17'.! · 21,� t ( 2 . 10 )  

with the l iquid drop energ1e·s //'-.D ( shell effect s  are neglected ) ,

the Coulomb interact ion Vc ,  the nuc lear attraction V�, and
7 -1 the reJ.at.1ve 1r.omentum of inertia J�ee (units f•ieV ) • The



intrinsic moment of i nert ia is given within t he model as 

( 2 . 1 2 )  

A - 1  with t he single-partic l e  level densities 9k -= k /1 2 MeV .

We est imate the maximum single-part icle angular momentum 

of fra_gment jk from the observed shell st ructure as

( 2 . 13 )  
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The matrix element s of the interaction ( 2 . 8 )  are parametrized 

by a product of Gaus sians in t he d ifferenc es of the single­

part icle energies ( €,,. - E
fA

) , angular momenta  {j; - j�)
and angular momentum projections (,,i.,. - t,1,1� } for exc itat ion , 

or (""'v + ,,,,,? - 4 """) for transfer , respect ively . Four uni ­

versal parameters enter this expression , an int eract ion 

strength factor J' , a width .d given by the mean c hange

of exc itat ion energy in a single step , a corre sponding width 

Aj given by the mean change in  angular momentum , and the 

mean recoil angular mome ntum � M  arising in particle trans­

fer . Us ing the met hod of spectral �istribut ions [1 1 ]  the mean

va lues in { 2 . 5 ) , ( 2 . 6 )  can be calculated . The component s of 

the d iffusion tensor 

J)AA J)A H 0 

D .. . ( A., I J..I ,  E*) =
J)kA 0 LJ v kk ( 2 . 1 4 )  

0 · o J)EE 

ar·e obtained as 
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wit h  l1"' = LJ [1 .,. Li� · ]
.3.Z EeH ( A,) 

. 2 
� - [ .  (.tJ1) l
f - .Y (ilj ) z .,.  o. 03 3A

( 2 . 1 5 ) 

( 2 . 1 6 ) 

( 2 . 1 7 )  

( 2 . 1 8 )  

( 2 . 1 9 )  

( 2 . 20 )  

( 2 . 2 1 )  

22 -1  The unit s of the diffus ion coeffic ient s  are 10 s e xcept . 
2 2  2 -1  for DEE which is  in 10 MeV s • A s  indicated in Fig . 6 ,

the local excitat ion energy Ee;; ( A1 ) is related to the 
exc itat ion energy E � for symmetric fragmentat ion with t.' = H = 0 
( which is an independent variable ) via 

{.: (A, ) =  E " - tl (A,) + t/ (Al< ) - (t- Hr
.2 J,.ef! 

( 2 . 22 ) 

The d iffu sion coeffic ient s depend only weakly on f and H 



(2 . 23 )  

For large relat ive anr;u lar momenta e �  l',.,cu , however ,

an additional form factor f?!e) has to be taken into  account 

since the d 1ffu sion is  not ful ly developed . We use  a para­

metrizat ion 1·!hi c h  is  in good ai.:;ree�ent with an analysi s  

of experimental data [12]  

Here , � is  taken as the angular momentum on a · coulomb 

traj ectory with the minimal distance equal to the c lose 
1) ( . -'IJ 1/s J 

contact radius '(o -=  ,(. < 111 + A2 / .
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The mixed coeffic ient J)A H describes the coupling .

between �ass and angular momentum transf�r due to the recoil . 

It i s  generally small compared to  .-:OHH and J)AA 
and va­

nishes complete ly for transfers between equal fragments 

because here the recoil effec t  is averaged out . 

For the drift coeffic ient s  ( 2 . 7 ) ,we obtain [15] 

/9,. = _ _  .,{ [ r.-..L 2Jllef/.41) +- '1\ ( H c-H )  l 
v

,4
. 

-r7 ., ;.u �A "� H � - -:r .1 'J c 2 • 2 s )
/{I-( <I ,f .f"vJ/. v '){ (. 

.{ r'i'\ . r:fl· £1-1-1 ) -f -n . c>llt·1: lA,). · ] 
�2 • 2 � >  

i c- = - - }; -- - ·-- - "1'11/-1 •I v,., -n1 1 .,.,H J · , 1 , vri.,, . .
l!N • w� '14. 
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( 2 . 2 7 )  

wit h  t he t emperature ( in MeV) 

J

A/J. 

7!,H (A1 ) =  3. 4'6 [1:e! (A,)jA ( 2 . 2 8 )  

I n  t he " st ic king limit " 

H -"> 
�;,, + 7-,ti' 

e ( 2 . 29 )  

t he angular momentum drift coeffici ent '1if pract ically 

vanishes sinc e t he second t erm i s  a small c ont �ibut ion . 

This limit which is familiar from class ical r::e chan!.c s  

appear s  i n  t h e  mi_croscopic c alc�lat icn due to  the spin 

cut-off fact or in  the level  densities . As long as it is 

not reached , both t erms in  ( 2 . 2 5 )  contribute to  the mass  

drift , part ial ly cancelling eac h ot her . Onc e st icking i s  

att ained , t he second t erm vanishes , end the cass drift 

c oefficient is proport ional  to Jl{ ,- , / "JI-I,, • The mass  dr ift 

coefficient has a rather strong dependence on t he relat ive 

angular momentum [) .  In  the st icking limit , t his  reflects  

t he e -dependenc e of t he driving pot ent ial . The depend ence 

of mass and energy transport coeffic ient s on mas s asymmetry 

A1/ A ,  total mas s  A and relat ive angular momerttum e have 

been invest igated in d etail in [14 ] . 

In phenomenoloGical applic ations of t he Fokker-Planck 

equat ion ( 2 . 4 )  to a system wit h given A ,  usual ly constant 

mas s  transpol't coeffic ient s  ha:ve beer. as sumed [ 8 ,  12 , 1 8  J .  
Acccrdin6 t o  the theoretic�l  expressions � t hi �  as sumpt ion 



may be justified for ma ss fragmentat ions A1 /A sufficient ly

far from symmetry (A.,,
= As- :a li/2. ) and relat ive angular 

momenta e not too much  d ifferent from a mean e . In

general ,  however , t he r! -dependenc e of l�  must be taken 

into ac count when comparing solut ions of t he Fokker-Planck 

equat ion and experimental mass d istribut ions . For systems 

wit h  the proj ect ile mass Ap close to the symmet ric value 

(A
p 

·= J}J ) , al so the d ependenc e  of  (CJ.A on mas s asymmetry

A1 / A  has to  be considered . A l inear approximat ion of cJ-A 

c lose to symmet ry is su ffic ient ly accura ;e , allowing for 

an analyt ical solut ion of t he Fokker-Planc k equat ion . Note 

that the mass drift vanishes for A -1 .:: As • 
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The depend ences of the angular momentum transport 

coeffic ient s on intrinsic angular momentum MJJ-i,mas s asymmetry

A1 /A and total mass  A are shown in Fig .  7 for several values

of the init ial  re lat ive angular momei-1t,Jm I! / � •. and · fixed 

total exc itat ion energy E-.;,/A = 1 MeV . Here , the grazing 

angular momentum 

( 2 . 30 )  

with A,.r'c-/ = A, A.z. /A is det ermined b y  t he int era'ct ion radius 
l/3 ., ,3 R = 0 . 5 + 1 . 3 6 ( A1 + A2 ) and t he cent er-of-mass energy E .

The drift coe ffic ient depend s  almost l inearly on intrinsic 

angular momentum H and vani shes as the st icking limit 

( II/_ 1./si- = 1 )  is reached , whereas t he diffusion c oeffic ient

remains nearly constant . This will  allow us to calculate 

analyt ically me an value and variance of t he int ernal angular 

momentum dist ributions , cf . section 5 . 
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In t he explic it calcu�ation of the transport co- l 

efficient s ,  the values of t he model parameters A I JJ, 4J 
and li lK  have to be fixed . We est imate A{:c ·']_ from the 

uncertainty or the transferred momentum due to the size 

of the window . The reco il angular momentum can be est imated 

as 4'1.., � f'/(�A,.e<l }  with  �ypical values A w, .,= 2... • Since

the influence of  the mixed diffusion coefficient i s  

generally smal l ,  we  neglect the e -dependence and take 
"'- "- ft , Iii. 

AM = d . The product l .4 = 2 . 2  MeV ( c f .  ( 2  . 2 (; ) , ( 2  . 2'i ) )

has been determined in a fit [ 12] to  the experi�ental mass 
84 1 65 .diffusion coefficient in the reaction Kr ( 7 1 4  MeV ) + Ho . 

This is fulfilled for A = 2 MeV and y .:. 3 , corresponding 

to reasonable values of the int eraction strength parameter f 
and the width  ll • The transport coefficient s are usually 

l/3 �'3 evaluated at the close contact radius R 0 = 1 . 2 ( A 1 + A2 ) .

With these choices , the values of the theoretical transport 

.coefficient s are determined and they may be used to calculate 

cross  sections , or compared to experlme.ntal values 

( sections 4 , 5 ) . 



3 . Mean Int eract ion Time 

. On t he basis of the Fokker-Planck equat ion ( 2 . 4 ) , 

exper ime ntal drift and d iffusion coeffic ient s can be 

det ermined from mea sured cross  sect ions , or cross  sec t ions 
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may be calculated using the theoret ical transport coeffic ient s  

provided t he mean int eract ion t ime ��d is  known . Whereas 

the nuclear contact t ime can be obtained in solutions E1 ] 
of t he classic�l equat ion o f  mot ion ( 2 . 1 ) , it i s  often 

preferred to .d et ermine it from experime ntal data ( 8 , 12 , 18 , 19 , 201 .

Rough est imates of r;:, t- [ 8 J turn out to be too crude and lead

to consid erable errors in the d educed values  of  experimental 

t ransport coeffic i ent s . We sub sequent ly d escribe a method [12]  

which seems appropriat e to  obtain the mean interact ion t ime 

rather accurate ly from exper imental informat ion . It  relies  

on the determinat ion of  a parametri zed mean deflect ion

func tion c9{ t) from the measured angular distribution and

takes into account the mean energy and angular momentum loss .

The c lassical model  underlying the d et.erminat ion of  T',;. 1  

a s  func t ion o f  e ( or b )  � s  out lined - in Pig.  8 .  The angle of 

rotat ion o f  t he composit e  syst em dur ing nuclear contact is  

( 3 . 1 )

The construc t ion of the deflect ion funct ion from t he experi­

mental angular distribution will be d escribed below . The 

respect ive Coulomb angles � ·, � in entrance and exit channel 

d epend on radius , energy and angular momentum 
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�- = .,y [ P, ( e J
21 :  zJ{f1, �' Pr) .

They can be written as 

Q i •( .r, i., 

( 3 . 2 )  

( 3 .  3 )  

with  C = 2., 11 e
</( El, ) and b .: e I 11.i;, E' . Note that

F'- �· - 'llf 
i s  not equal to the Rutherford deflection

angle as ha-s been assumed in [19 ] , the d ifference being 

typically a factor 1 . 5-2 . Neglecting deformations , we take 

the sc ission radius to be �- = R . In the st icking limit , 

the mean exit channel re lative angular momentum i s  given by 

( 3 .  4 ) 

) 

with the relat ive moment of inertia ]><e 
= fl � ... and the

intrinsic moment of inertia which is  assumed here to have 
cC' z � 2 the classical value �;d -=- 5 , ... 1 �1 -,.. 5� '"' z 1>2 • The int er-

,{1 

action t ime becomes in this limit { Jiol = J'<f t- :J,�, I}

( 3 . 5 ) 

The gradual dissipation of angular momentum is taken into 

account according to the following parametrization 

) - U l}I fJ- (f) = �i +- ( P- �I e ( 3 . 6 ) 



This expression is almost id�ntical to a result derive� 

in the statist ical theory ( cf .  ( 5 . 3 ) ) ;  The difference 

is  that the theoretical angular momentum relaxation 

constant is weakly f' -dependent whereas here we use a 

constant ,e and the t ime in the exponential is approximated 

by T�l in order to be able to derive an analyt ical 

expression for the mean int eract ion time . The resulting 

equation 

T, / (t'} = 
t11 r 

LI ?J. ltot +e ( 3 .  7 )  

i s  solved b y  iteration taking '}- == � t  for the calculat ion 
or 1.1 ·,J- in the first step . We determine both t.£' and t he 

exit channel energy t-1 needed for the calculat ion of the

Coulomb angle 1.,,9/ from the experimental energy · loss .  Under
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. the assumption that the radial energy is completely dissipated 

during the interaction t 1me 1 c�- can be written as ·

7 
/,) 2
q ( 3 . 8 )  

As shown i n  Fig .  9 ,  this allows to .fit the mean experimental 

energy loss for those values of the initial relat ive  angular 
momentum e (or the int eraction t im� 'L,�1 /t)} where defor­

mations are not important and determines simultaneously � 
D 84  165 and c.·f • For the react ion Kr ( 71 4  MeV ) + Ho we have

-I /  -2 1 .l- ·] obtained a value ll = 1 . 5  · 10 s 12 which is also u�ed
to calculate the mean int eraction t imes for the systems 

invest !gated in sections 4 ,  5 .  The form factor ( -:J. 2l/} is  
included · 1n 1the calculation .
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For obtaining the mean deflection function <9( f) 

or G/ 1:,) from the measured angular distribution ( integrated 

over all fragments and energies )  we use the parametrization 

Q(h}=  Q.. t6) + O,v (6) , ( 3 . 9 )

At large impact parameters · the scatteri·ng angle is g iven 
by the Coulomb deflection function 

- l 2.C1c {.b J = ,<Q,,,cfou i.L r e  C-" :2 tb 

The "nuclear part 11 () N 1s taken of . the form

e.tl (bJ = -p �9·· 11 r-:) ,, 1b9 ·· 
:9.- I 

with the Coulomb deflection angle � 9v 
o,. on the grazing

( 3  . 10 )

( 3 . 1 1 )

traj ectory and the grazing impact parameter usually being 

determined from a qua�ter-point analysis of elast ic scattering 

data.  The parameters fl and cf are adjusted to fit the

angular distribut ion which is calculated in the· c lassical 

approximation 

:: = 2u ; b., I : ; I
-VI- b .:  b., 

( 3 . 12 )

An example for the de.terminat ion of the deflect ion function 
[12] is shown in Fig . 10 for the Kr + Ho reaction . Since we

are interested only in the mean interaction time we do not
consider the quantal and statist ical fluctuations which
smooth out the angular distributions , giving a better agreement

with the data . The decomposition of the experimental cross



sect ion into  a po sit ive and a negat ive angle part has 

been descri bed in [2 1] . Negat ive  angle scattering i s  

encount ered i n  reac t ions with values of y'-= l,., ?,- eJ1., '� ioo 
for a mod if ied Sommerfeld paramet er '? where

o '  ·= [ 211 , ( E- I� (i< JJ) '!f- is the  relat ive velocity
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at the int eract ion rad ius R .  This phenomenological  paramet er 

which has been introduc ed by Gal in f 1 ]  seems to allow for 

� c lassificat ion of deeply inelast ic heavy ion reac tions 

according to the ir angu lar distr ibut ions f 2 2 J . 

From the react ions invest igated so far , .it  appears 

that bot h parameters /3 and c./ in  the deflect ion func t ion
I I 

are monotonic funct ions of 'P . Note t hat ? reflect s  the

balance of Coulomb and frict ion forces at t he interaction 
I 

radius . For low energies , or large values of f t he

rotating system doe s not reach negative angles and 

the d eflec t ion funct ion has a nuclear rainbow 

in the po sit ive angle region . This can be seen 

in Fig.  11 for the reac t ions 8 6Kr { 51 5  MeV ) + 1 66Er

and 1 32xe ( 7 79 MeV }  + 1 20sn . The deflect ion funct ions as

deduced in [ 2 3 } from the data of  Gobbi et al . [ 3 ] and the 

calculated int erac tion times are shown . Apart from a form 

factor c lose to "9 v  the t imes increase exponentially wit h 

decreasing f! . They are in rat her go.od agreement with the

results of a recent dynamical calculat ion [ 2 '4  ] • 

For even heavier systems with  very large values of y 
such as the 2 3 8u ( 1 76 6  MeV ) + 2 3 8u reaction the defiect ion

funct ion deduced from the data of Hildenbrand et al . f 25 J  
becomes Coulomb-l ike and the corre spond ing angl e. o f  rotat ion 

is rat her small . On the other hand , the moment of inert ia 
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is · very large , and con�equently the interact ion t ime ( 3 . 7 )

for thi � system is larger than in the other react ions 

for high f , but smaller in the low -e region .. It should

be kept in mind , however , that t he effect of deformations 

on the mean int eract ion t ime has be en neglected in ( 3 . 7 ) , 

causing a pos sibly large unc ertainty in the U+U react ion . 



� .  Mass Transport 

The mean int eract ion t ime s obt ained in the pr evious  

section can be used  to  calculate cross sections with 

the theoret ical  transport coe ff ic ient s  of sect ion 2 .  

As an example , we calculat e element d istribut ions which 

are compared with  the d ata for the reactions cons id ered 

fn sect ion 3 . For simpl icity we neglect the coupl ing 

between ma ss and angular momentum transport . The mas s  

diffusion coeffic ient s are assumed to  be constant , and 

t he t heoret ical values ' (7,. -f5) are calculated for the  

initial fragment at ion and a mean £ . Complete energy 

re laxat ion and M = M5t is assumed to obtain  Ee�( A
1

) .  For

t he Kr + Ho and t�e Kr + Er react ions the ini�ial fragmen­

tat ion is  far from symmetry and we take also the mas s  drift 

coeffic ient s  as constant s .  To obtain element rather t han 
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mass dist ribut ions we convert to charge transport ·  coe ffic i ents 

{ 4 . 1 ) 

( 4 . 2 )

This impl ies equal charge d ens iti.es , or the assumpt ion of 

a rapid equilibrat ion of the charge d ensi t ies  which seems 

rather well ful filled in deeply ine last ic coll isions [1 ] .  
The Fokker-Planck equat ion ( 2 . 4 )  then d escribes the mass  

transport measured by  the  proton number . The solution is a 

Gaussian [ a l  

( 4 . 3 )  
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with mean value 

and varianc e 

( 4 . 5 ) 

increasing linearly in t ime . The observed element di stri­

but ions c orre spond t o  the so lution ( 4 .  3 )  for l :.:: l;;, ; I tJ · 
For weakly focus sed re�ct ions such as 8 . 5  MeV/A Kr +Ho or 

Ar+Th [a ] , time and angle are uniquely relat ed , and { 4 . 4 ) , 

( 4 . 5 )  may dire c t ly be compared t o  t he c xper- 11:.�nt n l  c lc::.ent 

d istribut i ons at di fferent scat terin�� an�lcs  () , and 

experimenta l  t ransport coeffic ient s  can be d educed [a , 1 2] . 

In react ions which do not exhibit a monot onic re lation 

Z1, �,{ {()) such as 5 .  9 9  MeV / A Kr +Er this is not possible , but

we can calculat e the energy and angle  int egrat ed e lement 

distribut ion 

{ 4 . 6 ) 

�-, 
The maximum angular mome ntum {;�«� is determined from t he 

requirement that t he total cross  sect ion for deeply ine lastic 

event s 

61'\ :: 
-v1C J( alo ) rl?, J>t( (/j?.., 

agree s  with t he experimental value . For the Xe + Sn and t he 



U + U reaction , the initial fragmentat ion is close to , 

or agrees with the symmetric mass  split , and the linear 

dependence or � on t,,, has to be taken into account

( 4 . 8 ) 

The Fokker-Planck equat ion can still be solved analytically 

with the result 
-.2 ht/ - Y2 

P (l, , t} =[ 2:J2 . <.2 ( -I - e O �)]

e"" _ LZ, - �� + (2p- ;; t)( -e  . ) ] J 

{ -

" ., -"6 t I 2- .i c 4 • 9 >

f' 
:2:�zb· � ( 1- e -2Q6/l �) • 

Here , b = 2 .  Again the element distributions are calculated 

according to ( 4 . 6 ) . The result s ( 23 ]  for the reactions 

Kr + Er , Xe + Sn and U + U are summarized in Fig . 12· .  We 

show several normalized solut ions P(?o l) of the Fokker­
Planck equat ion to illustrate mass drift and diffusion as 

functions or t ime . The asymmetric Kr + Er system exhibits 
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a sizable drift towards symmetry . T.he theoretical calculation 

of the element d istribut ion as shown by the dashed curve is  

in rather good agreement wit h t he data [3] . Since  the inter­
act ion time is determined by the procedure outlined in 

section 3 ,  and the parameters in the theoretical transport 

coefficient s ( section 2 )  have been fixed f 12j , there is 
li·ttle room for an improvement of this calculation within 

t he framework used here . Taking the f -dependence  of the 

transport coefficient s ( in particular , of. the drift coeffic ient ) 
into account rather than using a mean e. may further improve 

the agreement , and in addition one has to consider that the 
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· experimental data have not yet been corrected for the

emi ssion of c harged particles . The solid curve is obtained

by adj ust i ng the drift coeffic ient to fit the data . The

correspond ing experimental result s for the transport

coeffic ient s are shown in Table 1 together wit h  t he

theoretical values .

The Xe + Sn system is nearly symmetric and the 

solut ion ( 4 . 9 )  of the Fokker-Planc k equation is  used to 

c alculate the e lement distribut ion . The attempt to improve 

the result of the calculat ion (dashed curve ) by •dJu st 1ng 

the transport coeffic ient s  ( solid curve)  is not very 

successful . The reason seems to be t hat the data exhibit 

a drift towards the c losed proton she ll t1
= 5(J superimposed 

on the drift towards symmetry (21 = 2s = .5") ) which is inc luded 

in the approach used here . The add it ional treatment of 

shell effect s  is presently invest igated by Schilrmann et a1 . [ 2 6 i 

In the U + U reac t ion , most of the deeply inelastic 

cross section undergoes sequent ial fis sion . The experimental 

cross section [ 2 5 ] i s  given by the black squares in Fig . 12 . 

The result of  an attempt t o  reconstruct the primary deeply 

inelast i c  ·element d ist ribution prior to fission is shown by 

the open squares [2 sJ . Correct ions for charged part ic le  

emission have not been made . The calculation (dashed curve ) 

fails to reproduce  t he reconstructed element d istribut ion . 

The d iffusion coeffic ient extracted from a fit to this 

distribution is  larger than the theoretical value by more than 

a factor of 2 { Table 1 ) .  Although the neglect of deformat ions 

in the calculat ion of the mean int eraction time may, have a 

severe effect in the U + U case , it seems too early to draw 

deci sive conclusions from this d isagreement . 
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5 . Angular Momentum Dis sipation 

The theoret ical angular mome ntum drift and d i ffusion 

coeffic ient s of sec t ion 2 can be  used to calculat e mean 
2-

value <. H )  and variance 6k of t he int ernal angular 

momentum d istribut ion of both fragment s as funct ions of 

time . Again we neglect the coupling bet ween angular 

momentum an� mass transport . In sect ion 2 ,  the linea� 

dependenc e  of the drift coefficient U/.-1 on the z-c omponent 

of the internal angular momentum , and the H -independence 

of the diffusion coeffic ient has been discussed ( cf . Fig . 7 ) . 

Using this informat ion together with  the Fokker-Planck 

equat ion for the variable H , we have 

and 

A'.. <  H)  : (): {11 =0) + 61) �h' I
dt H f.1 ::0 

ci 

elf 

( 5 . 1 )  

( 5 . 2 ) 

Integrat ion of  ( 5 . 1 ) ,  ( 5 . 2 )  y ields. mean value and variance 

of the angular momentum d i stribution 

. - LR , i )
,< 1-1 > = �d (1 - e t 

<5 u i = ·!;' ( -I - e - < �,, c-) .
The relaxat ion constant is  given by 

7,:. ;. f J,.,(l 
I T. 1 • J-.. ,; H = O, ., r- ll(:(' • 

( 5 . 3 } 

( 5 . 4 )  

( 5 . 5 )  
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It is only weakly e -dependent . For large t imes , the

mean value of the intrinsic angular momentum approaches 

the st icking limit , whereas t he variance reaches a 

saturation value J}J.IH I tee • 

With  t he mean interact ion time {::. , ,�, t (e} as  

determined in  section 3 ,  we can  evaluate ( 5 . 3 ) , ( 5 . 4 ) as 

functions of  �:, t'  or e . As an example , we show the

results for the Kr + Er reaction in Fig . 1 3 . The mean value 

reaches the sticking limit for e � 100 , whereas t he variance 

saturates  in  the low-· e region .

From J7 - multiplic ity measurement s  [ 4 ]  , t he mean 

2.bsolute a:ng-�lar momentum Itot of both fragments with
� -" 

angular momenta r
1 , I2 is obtained 

� 1,, / ' �  i>1'2_ 

�O{ = ( T-1 > + <-.. -L.< ( 5 . 6 )  

This i s  equal to , or larger than t he illean internal angular 

momentum of  t he composite system [1s] 
. I � ,  . < 'h. < � j_ .. ) �>· � L --< I > ==- ( I., + � - J.. tol

( 5 . 7 ) 

Although we have considered so far only t he z-componcnt M 

of the internal angular momentum of thc · co��osite syst tm , 
r, 

(J:.� .? can b� ef;timated . Since the recoil angular rncmr;·ntu::1 ! �  

parallel to �he z- direction , we expect that the mean valu�  of  

the internal angular ruomcntum in  the x- and y- direction i �  



zero . The variances  of the angular momentum components 

perpendicular to the symmetry ( y-)  axis are likely to  

be equal . Because of axial symmet�y of  the com�osite 
system ,  creat ion of angular momentum along the symmetry 

axi s  is expected to be small .  Thus we obtain for t he 
internal angular momentum of both fragments 

I/ - 2 · 21 ,{/z.<I i> z..,, l _c oH + <.H> J ( 5 . 8 ) 

with 2 =- c �  3 .  The result s for c = 3 are shown in Fig . 13 .
exp We have also plotted data point s  for Itot obtained by 

Gobbi �t al . [21] from the analysis of a t- multiplicity

experiment [3 ] (cf . Fig . 2) • Since we are presently not 

able to calculate (I �J'z froin It
exp

t , the llomparision is�'f 0 
for sliGhtly dif(erent physical_quantities , cf . ( 5 . 7 ) . 

53.9 

Although the equality in ( 5 . 7 ) i s  expected to  be fulfilled 

best for suffic iently- · large values of e [ 15] , t he calculati cm 

reproduces  the measured saturation in the low- e region 

reasonably well .  It is reali zed that treatments of the 

angular momentum dissipation which .consider only t he mean 

values ( such as classical dynamical calculations with frict io� 

forces )  will fail to describe the angular momentum transport 
in the completely damped region . 

Finally we have calculted the alignment of the composite 

system along the z- d irection ( Fig . 13 ) 

A 
z ( 5 . 9 )  

The. calculated alignment i s  large for most of the partial 
wav�s ,  but e xper imental  data are not yet available ror 
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6 .  Summary 

We have invest igated relaxation processes in deeply 

inelast ic collisions between heavy nuclei . T�e main  

goal has boen  to achieve a s imple unc erstand.lng of  these 

processes on the basis  of a Fokker-Planck equation . 

A microscopic model that allows to calculate drift and 

d iffusion coefficient s for · the macroscopic variables mas s  

asymmetry , z-component of the internal angular momentum 
and total exc itat ion energy has been d iscus sed , with 

particular emphasis  on the angular momentum transport . 

The theoretical transport coeffic ient s are functions of 

total excitation energy , total mass , mass  fragmentat ion , 

relat ive and int ernal angular momentum . 

Rather than treat ing the relat ive motion by solvinc 

the equations of motion ,  we determine angular momentum 

dependent mean interaction t imes from experiment al data . 

In particular , this involves  the construction of mean 

deflection functions from the measured angular distribut ion� . 

The parametrizat ion of the deflection funct ion used here 

seems suitable to account for the change in angular di stri ­

butions encountered in deeply inelast ic c oll isions depending 

on the incident energy �� the size of the syst em . 

With the mean int erac tion times and the theoretical 

ma�s transport coefficient s , we have calculated element 
dlstribut ions for asymmetric ( Kr + Er , Kr + Ho ) q.S well as  
for symme �ric ( Xe + Sn , U + U)  systems . The comparison wit h  

the experimental data c learly dcmon3tratc�  t�e applicabili�y of 



our model to the mass  transport phenomena . It should be 

noted , however , that the accurate calculation of double 

differential cross sections c/f� 11/dE,l� ) is a much  more 

difficult problem than the calculation of the energy 

in�egrated clement distribut ions shown here . In the 

Xe + Sn  reaction , the comparison between calculation and 

data seems to indicate the presence of shell effects  

which have not . yet been included in  the theory . The · 

experimental cross section in the U + U reaction which 

has been reconstructed from the yields after sequential 

fissiop is not reproduced by the calculation . A reason 

for the d isagreement may be an unde�est1mate  of the mean 

interaction time due to the neglect of deformations . 

With the theoretical angular momentum transport 

coeffic ier.t s we have calculated mean value and variance 

of the angular momentum distribution . For small vaiues of 
the initial relative angular momentum e the mean value

reaches the sticking limit , whereas the variance saturates . 

The mean internal angul�r momentum as function of e is  

found to be in good agreement witn a recent r -multiplicity 

experiment . 

541 

The energy transport has not been considered explicitly 

here , although we have given -the corresponding theoretical 

drift and d iffusion coefficients . The analysis  of the 
experiment�! energy loss  ( Fig . 9 )  is  consistent with the 

view that the radial energy is  completely dissipated during 
the interaction time . This  would imply a rather short 
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relaxation t ime ( � o . 3 · 10-2 1s )  compared to the angular
-21  momentum relaxat ion t ime or 1//.e = 1 . 5 · 10 s or the

characteristic t ime for the development of fragme.nt 
-21 deformat ions ( �  2 · 10 s , cf . Fig . 9 ) .  If thi s turned out

to be the correct  interpretation of the data , experimental . 
energy distributions would only allow for a test of a 

lower l imit for the energy drift coeffic ient . During the 

initial stage of the collision � coherent excitat ions [28] 

may be responsible for a large fract ion of the kinetic 

energy loss , wherea� the irreversible statistical processes 

we have been dealing with take over at a later stage of 

the colli sion . 

The collaboration with s .  Ayik and w. N6renberg i s

gratefully acknowledged , a s  well a s  discussions of the 

experimental data with s .  Bj 6rnholm , A .  Gobbi and H .J .  Specht .
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86Kr + 1 66Er

1 32xe +
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Table 1 .  Exper imental and theoretical  mass transport 

coeffici ent s !n uni t s  of 102 2s- 1 • The theoret ical

value s  are calculated for a mean angular momentum e 
and the initial fragmentat ion . 
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Kr - Er 5.99 MeV/AMU Xe - Sn 5.9MeVJAMU
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Fig . 3 Classical pic ture [ s ] of distant , grazing

( quasi-elast ic ) and c lose (deeply inelastic ,  

fusion ) collisions between heavy nuclei . 
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Fig . 4 Decomposit ion of t he total react ion cros s sect ion 

in the cross  sect ions for compound -nuc leus format ion 

( ·6c"' )  , deeply ine last ic collisions ( 6v - ) and
• · L l  

d irect react ions (<tJJ ) • ( From (5 ] ) .
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Pig. 5 Schemat ic i l lustrat ion or t he s ingle-partic le  model  

used to evaluate the  t ransport coefficient s .  The 

quant i t ies d( represent t he ranges or a l ngle -part lcle 

states around t he Fermi sur face cF whi c h  are taken 

into account ( Prom [ 1 4 ]  ) .  

Pig .  6 I l lustrat ion of the driving potent ial  lieu ( A,),  
t he local excitat ion energy 1:t:; ( A� J and t he 

independent variable E "' ror f ixed tota l mass  A 

of the system .  ( Prom r14 J ) .  



U
f g

r=
0 .

25
(-

). 
0.5

(-
-)

. 
0.

75
(-

-
) 

a�
�

�
�

�
�

�
..-

..---.
 

8 
�· --

-, a
r­

" M
f· '\.

 ',,.
6�

 
'

 
A1

/A
:0

.5
 

A 
= 

25
0 

U'M
 6 

M/
M 5

1:
0.5

 
A 

:: 
25

0 

"
M

 6 
M/

Ms
1=

0.5
 

/
./

 /
 

A,
'A

 
:0

.5 
.,,,

· 
' ' 

4
�'

.....
.....

.....
 

'
'

 
......

......
......

 
'

......
......

......
......

 , . 

4 2
b-

_
__

__
_ _

 
.-

·-
·-

4 
/

 
/

 
/

 
,,

,
-"

" 

2 0 0 
0.5

 
32

 
M/

M s
t 

D M
M 24

 

16
 8 0 0 

0.5
 

�
/ M

s t
 

Fi
g

. 
7 

...........
 , � 1.0

 

�-
- -

--
--

2 

0 0. 1 
0.

2 
0.3

 
0.4

 
0.5

 
°so

 
150

 .
 2

50
 

35
0 

A 
45

0 
S5

0 

32
 

A
1/A

 
32

 .--
.--

r--
......-

r--
..-

..-
-r--i

,rr-
�

 
O

H M
 

24
 

D M
M 24

 

/
 

/
 

/
 

,>/ 
/. 

'/'/
 /

/
 

1.0
 

1 6
1 

---.:;-::.-:=-=
-

-
-

ol
..-?.

,,_,
�

.::
.::..

.-
·-

· 

o
p.:,

·.-

o o. , 
0.2

 
0.3

 
0.4

 
A 1

/A 

16
•· 8 

0.5
 

"s o
 

�
/

 
,,, � /

 
�-,,,

· 
�/

 

15
0 

25
0 

35
0 

45
0 

55
0 

A 

20
0 

25
0 

30
0 

35
0 

37
0 

100
 2

00
 

400
 600

 8
00

 1000
 

l g
r 

Dr
if

t 
co

ef
f1

c1
en

ts
 t.r

µ 
an

d 
di

ff
us

io
n 

co
ef

fi
ci

en
ts

 
.j)

t1
"1

 
fo

r 
an

gu
la

r 
mo

me
nt

um
 d

is
si

pa
ti

on
 1

n 
un

1t
s 

22
 -

1 
of

 1
0

 
s 

• 
Th

e 
de

pe
nd

en
ce

 
on

 
in

te
rn

al
 a

ng
ul

ar
 . 

l g
r 

mo
me

nt
um

 
M

I H.
s

t 
, 

ma
ss

 a
sy

1M1
et

ry
 A

1 / A
 a

nd
 t

ot
al

m
as

s 
A 

is
 s

ho
wn

 f
or

 a
if

fe
re

nt
 v

al
ue

s 
or

 t
he

 
1n

it
1a

l 
re

la
ti

ve
 a

ng
ul

ar
 m

om
en

tu
m 

I!
/ t;

, .
 Th

e 
ex

ci
ta

ti
on

en
er

gy
 

1s
 E

1
lA

 =
 

1 
Me

V
. 

(F
ro

m 
[1

5
] 

).
 

'11
 

\11
 ..., 



I \ \ \ \ \ 
' ' '

/
 

,
 ......

 __
__

 
I 

/
 

I 

I I I I 

P
ig

. 
8 

Il
lu

st
ra

t
io

n 
or

 t
he

 
cl

a
ss

ic
a

l 
m

od
e

l 
fo

r 
th

e 

ca
lc

u
la

t
io

tt 
or

 t
h

e 
m

ea
n

 i
nt

er
ac

t
io

n 
t

im
e 

in
 d

ee
p

ly
 

in
e

la
st

ic
 h

ea
vy

 i
o

n
 c

ol
li

si
on

s
. 

Th
e 

Co
ul

om
b 

tr
a

­

j
ec

to
r

ie
s 

sh
ow

n 
a

r
e 

f
o

r
 t

he
 

K
r

 +
 H

o 
r

ea
ct

io
n

 

d
es

cr
ib

ed
 

in
 t

he
 

te
xt

 
(

b i
= 

6 
fm

, 
b f

= 
5

.1
 

fm
).

 

( F
ro

m
 [

 1
2 

J 
) .

 

:c
 

VI
 

VI
 

f\)
 



240 

200 -
160

1 20Ill 

80

40

0 0

7 1 4  MeV 8 4 K r  + 1 6 5 Ho
II 

• 

E nergy  d is s ip a t ion 

2 3 4 
( -21  )"t in t 10 s 

10 20 30
cd 

tcr' 
5 6 

Ill 
Ill 

=oc.> 

7 

Angu lar  moment u m  
d i s s ipa t ion  

100 \
80 \ s t ick ing

\ 
60 " 
40  

20 "tcr  

0
0 2 3 4 5 6

( - 2 1 ) 't int 10 S 

300 200 150 100 
t fgr f f fer 

Fig , 9 Energy and angular momentum dissipation as funct ions 

or mean interaction t ime t',.;,t , or init ial relat ive 

angular momentum e in  the Kr ; Ho react ion . The 

experiment al point s  are obtained from the measured 

energy los s as func tion or t he variance ef, of the

element dist ribut ion , The solid curve has been fitted 

to reproduce the measured energy loss ( From [12 } ) .  
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714 MeV 84 Kr + 165Ho
J:: \ 
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Pig . 10 Determinat ion of t he mean defloc t. t on funct ion e (t) 

from t he experimental angul ar d i st r i bu t i on l 2 1 ] 
i n  t he Kr + Ho react i o n .  For the low f -valu es e� 100 . 

comp let e fusion occurs ( From [1l ] ) .
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Fig . 12 Element d ist ribut ions for deeply inelast ic 

collisions . Several solutions PC1f , l )  of  the 

Fokker- Planck equat ion are shown . The dashed 

curves are calculated using the t heoret ical 

values for drift and �1ffusion coeffic ient s ,  

whereas the exper imental values o f  the t ransport 
coeffic ient s are deduced from t he sol id curves .  

Experimental data are from Gobbi e t  al . [ } ] for 
Kr + Er ,  Xe + Sn and from Hild enbrand � [.25]fc,r U + U .  
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DISCUSSION 

K. Dietrich : There are experimental indications (experiments
on circular polarization of the emitted �-rays and on the
angular distribution of the fragments from sequential fission 
of quasi-uranium) .that the alignment of the intrinsic spins of
the reactio� products in the direction perpendicular to the re­
action plane fades away as· the energy loss incieases . Does 
your theory predict this effect? 

G. Wolschin : Yes . According to our calculation , the alignment
of the internal angular momentum of the composite system along
the direction perpendicular to the reaction plane is rather
large for most of the partial waves, but decreases towards ze­
ro as the initial relative angular momentum approaches zero
(i .e . , as the · energy loss increases ) .  This can be seen in the
last figure of my talk. 

H. Hofmann: 1 )  In computing the reaction time you assume the
system to rotate at r � R

0 
which is smaller than R for the

interaction barrier (scisson configuration) by about 2 fm.
So you neglect the time the system needs t� move from R

0 
to R

in the outgoing chaDD.el . But in this stage a considerable
mass exchange might still take place.

2) To my feeli�g a realistic description of the excitation of
intrinsic angular momentum M is possible only by describing 
consistently the loss of relative angular momentum 1 .  The 
parametrization of the deflection function you are using cor­
responds to a tangential iJ.·.i.� i.lon force given by a sum of 12 

and 1-terms (this is easily derived from the relations of f::.{}-a

and lf as wail as C,int ) .  The differential equation for the
mean value <M>� , on the other hand, is at most linear in 
< M>

t-
, as you have shown. 




