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Abrtract The t o t a l  angular  momentum t r a n s f e r  measured i n  the  r e a c t i o n s  
1 6 5 ~ ~  on 1 7 6 ~ b ,  15"5m and N a t ~ g  a t  1400 MeV and 8 6 ~ r  + 15'sm a t  610 MeV 
were a n a l i s e d  on t h e  Dasis o f  a  c l a s s i c a l  model w i t h  f r i c t i o n  f o r c e s  i n -  
c l u d i n g ,  besides t h e  r e l a t i v e  mot ion  o f  t h e  ions, t h e i r  r o t a t  i o n s  a n d  
quadrupole v i b r a t i o n s .  The r a t i o s  o f  t a n g e n t i a l  o r  p i v o t a l  t o  r a d i a l  
f r i c t i o n  were f i x e d  by t h e  a n a l y s i s  and found t o  be 1/20. No s t r o n g  
evidences o f  the  s t i c k i n g  mechanism were found. 

1. INTRODUCTION 

Since t h e  i n t e r p r e t a t i o n  made by W i  l c z y n s k il  o f  o r b i t i n g  phenom- 

ena i n  deep i n e l a s t i c  heavy i o n  c o l  l i s i o n s ,  c l a s s i c a l  d e s c r i  p t  i o n s  o f  

these r - a c t i o n s  have been used t o  account f o r  t h e i r  main f e a t u r e s .  Here, 

f o l l o w i n g  t h i s  t r e n d  i n  t h e  l i t e r a t u r e ,  we analyse w i t h  a c l a s s i c a l  

model t h e  angu la r  momentum t r a n s f e r  da ta  o f  Pacheco e t  az2 f o r  the  r e -  

a c t i o n s  induced by ' 6 5 ~ o  on 1 7 6 ~ b ,  1 5 4 ~ m  and N a t ~ g  a t  1400 MeV i n t h e  

l a b o r a t o r y  frame o f  re fe rence  as w e l l  as t h e  d a t a  o f  Chr i s tensen  e t  a13 

f o r  t h e  8 6 ~ r  + ' 5 2 ~ m  r e a c t i o n  a t  E = 610 MeV. 
Lab 

I n  our  model the  c o l l e c t i v e  degrees o f  freedom a r e  t h e  r e l a t i v e  

mot ion o f  the  cen te rs  o f  masses o f  t h e  ions, t h e i r  i n t r i n s i c  r o t a t i o n s  

and t h e  quadrupole v i b r a t i o n s ,  t h e  l a t t e r  taken i n  an approximated way. 

The nuc lear  f o r c e  we used i s  t h e  p r o x i m i t y  p o t e n t i a l  as d e r  i v e d  i n 4  

w i t h o u t  any a d j u s t a b l e  parameter.  For t h e  f r i c t i o n  fo rces  we t o o k  t h e  

p rox im i  t y  formula g iven  by ~ a n d r u p ~  b u t  we considered t h e  s t r e n g h t s  o f  

t h e  r a d i a l  and t a n g e n t i a l  f r i c t i o n s  as a d j u s t a b l e  parameters. We f u r t h e r  

in t roduced  a p i v o t a l  f r i c t i o n  taken t o  be p r o p o r t i o n a l  t o  t h e  r a d i a l  



f r i c t i o n  w i t h  i t s  st renght t rea ted a l so  as an ad jus tab le  parameter. I n  

t h i s  way we could obta in  i n  a s ing le  model the s l i d i n g ,  r o l  1 i n g  and 

s t i c k i n g  mechanisms f o r  the angular mmentum t rans fe r  by simply vary ing 

the strenghts o f  the tangent ia l  2nd p i v o t a l  f r i c t i o n s .  

We assumed tha t  the v i b r a t i o n a l  degrees o f  freedom on ly  c o u p l e  

t o  the r e l a t i v e  rad ia l  motion o f  the ions and there fore  do not  i n t e r f e r e  

w i t h  the angular momentum t rans fe r  mechanism. The con t r i bu t i on  o f  v i -  

bra t ions  t o  the energy loss has been taken i n t o  considerat ion by a sim- 

p l e  procedure derived from the r e s u l t s  o f  Gross e t  a16. 

2. THE EQUATION OF MOTION 

We assume the f o l  lowing Lagrangean 

where p i s  the reduced mass o f  the system and I , ,  I ,  are the moments o f  

i n e r t i a  o f  the two ions ca lcu la ted as i n  a uni form spher ical  mass d i s -  

t r i b u t i o n  

2 
I = 5 M ~ 2  

wi t h  

R = 1.28 A 1 1 3  - 0.76 + 0.8 

the equivalent  nuclear radius4.  The v a r i a b l e s r  and 8 are t h e  p o l a r  

coordinates f o r  the r e l a t i v e  motion o f  the centers o f  masses f o r  the two 

ions. 

Note tha t  the Lagrangean given by eq. (2.1) descr i  bes the r e l a -  

t i v e  motion o f  the two ions assumed t o  be frozen spheres subject  t o  the 

e l e c t r o s t a t i c  Vc(r) and nuclear V ( r )  i n te rac t i ons .  The r o t a t i o n  o f  N 
the ions i s  al lowed by introducing t h e i r  angular v e l o c i t i e s  w l  and w2 i n  

eq. (2.1). The p o s s i b i l i t y  of v i b ra t i ons  o f  the ions i s  not  included i n  

eq. (2.1) but we w i l l  take them i n t o  considerat ion by a simple treatment 

t o  be described i n  next  sect ion.  

For the e l e c t r o s t a t i c  i n te rac t i on  we took the coulornb f i e l d c o r -  

rected f o r  the f i n i t e  s ize  o f  the ions. 



where 

f o r  r > Rc 

f o r  r < R 
C 

For the nuclear po ten t i a l  V ( r )  we used the prox imi ty  formula o f  Blocki  
N 

e t  a14 

b = l f m  

y = 1 MeV f m - 2  

C = c1c2/(c1+c2) 

where cl, c, a re  the h a l f  dens i ty  rad 

c = ( l -  

The f r i c t i o n  forces are obta 

us o f  the 

ned f rom t 

ons 

e fo l l ow ing  Rayleigh's 

- 
func t ion  

The parameters 8, al and a, were introduced i n  eq. (2.2) t oa1  low 

the adjustments o f  the strenghts o f  the d i f f e r e n t  f r i c t i o n  c o e f f i c i e n t s .  

Thus, B permits the adjustment o f  the rad ia l  f r i c t i o n  s t rength  wh i le  a, 

and a, permit the adjustments o f  the tangent ia l  and p i vo ta l  f r i  c t i o n  

strengths respect ive ly .  I'(r) p lays the r o l e  o f  the rad ia l  f o r m  fac to r  

f o r  the f r i c t i o n s  and i s  g iven by the one-body f r i c t i o n  prox imi ty  f o r -  



" O  
= 2.63 x 10-,l MeV s/fmm4 

Let us observe now tha t  s e t t i n g  B = 1, a, = 0.5 and a, = O the 

f r i c t i o n  forces der ived from eq. (2.2) are the same as those used  by  

B lock i  e t  aZ4 i n  the s imula t ion  o f  B 6 ~ r  + I g 7 ~ u  therein.  

From eqs. (2 .1)  and (2.2) one can e a s i l y  ob ta in  the e q u a t i o n s  

o f  mot ion 

d P(P-P~ ' )  = - (vC( r )  + v U b ) )  - Br(+>) i. ar (2.3) 

From eqs. (2 .4)  t o  (2 .6)  we ob ta in  the conservation o f  angu 

momen tum 

L~ = u r 2 6  + I,W, + I,W, (2 

l a r  

where L, i s  the i n i t i a l  angular momentum o f  the system. 

The r a t e  o f  energy d i ss ipa t i on  i s  g iven by twice the Rayleigh's 

func t ion  and we have 

what shows tha t  the system evolves dur ing  the c o l l i s i o n  i n  such a t r a -  

j e c t o r y  as t o  minimize F. 

Let us now discuss from the po in t  o f  view o f  eqs. (2.3) t o  (2.6) 

the r o l l i n g  and s t i c k i n g  l i m i t s  f o r  the c o l l i s i o n s .  

Let us f i r s t  assume the vanishing o f  t h e  p i v o t a l  f r i c t i o n  

(a2=O). Then, from eqs. (2 .5)  and (2.6) we ob ta in  the f o l  l o w i n g  f i r s t  

i n teg ra l  o f  motion 
12w2 I * w l  

= -  
R' R ,  



and, from the minimizat ion o f  F we get  the asymptotic behaviour 

Now, eqs. (2.7), (2.9) and (2.10) permit  t o w r i t e  w,,  w,and 6 as a 

funct ion o f  :r. I n  p a r t i c u l a r ,  f o r  the t o t a l  angular momentum transfered, 

J, we have 

I f  we f u r t h e r  assume t h a t  dur ing  the d i s s i p a t i v e  process, the ions stay 

a t  a constant d istance R,+R, apar t  we get the we l l  

2 
J = 7 L o  

f o r  the r o l l i n g  l i m i t  which says tha t  J i s  a f r a c t  

know resu 

ion  ( 2 / 7  

t 

(2.12) 

o f  t h e  

i n i c i a l  angular momentum L o ,  independent o f  the system under consider- 

a t  ion. 

I f  now, a, and a, are both d i f f e r e n t  from zero, the f i r s t  i n-  

tegra l  o f  motion given by eq. (2.9) does not  f o l l o w  but  instead, besides 

eq. (2.10), .F pred i c t s  a new equation f o r  the asymptotic motion 

Then, eqs. (2.10) and (2.13) g ive  

the so ca l l e i j  s t i c k i n g  l i m i t ,  which together w i t h  eq. (2.7) g i v e  t h e  

fo l l ow ing  asymptotic value f o r  the t rans fer red t o t a l  angular momentum 

1 1 I n  the case o f  symnetric systems, (I,=I,) and p = 7 M, = M2, 
eq. (2.15) reduces t o  e:. (2.11) and there i s  mo p o s s i b i l i t y  o f  d i s -  

t ingu ish ing between the r o l l i n g  and s t i c k i n g  mechanisms i n v e s t i g a t i n g  

on ly  the angular momentum transfered.  

3. THE 4 0 ~ r  + 232Th SYSTEM 

We considered the 4 0 ~ r  + 2 3 2 ~ h  system t o  il l u s t r a t e  the r e s u l t s  

one may poss ib ly  ob ta in  from the equations o f  motion o f  previous sect ion 



f o r  d i f f e r e n t  va lues  o f  t h e  parameters al and a,. The reason f o r  such 

a cho ice  i s  two fo ld :  f l r s t ,  t h e  ' O A ~  + 2 3 2 ~ h  r e a c t i o n  was e x t e n s i v e l y  

s t u d i e d  by Gross and c01 labor ator^^'^, u s i n g  a c l a s s i c a l  model . Second, 

i t  i s  a  v e r y  assymet r i c  system, and t h e r e f o r e  t h e  r o l l i n g  and s t i c k i n g  

l i m i t s  a r e  v e r y  d i f f e r e n t i a t e d .  The energy o f  t h e  system was taken t o  be 

379 MeV i n  the  l a b o r a t o r y  frame o f  re fe rence ,  

F i g .  I shows the  r e s u l t s  o f  s i m u l a t i o n s  done w i t h  d i f f e r e n t  

va lues  o f  a, and a 2 .  The h o r i z o n t a l  a x i s  i s  t h e  i n i t i a l  angularmomentum 

L ,  i n  u n i t s  o f  h and t h e  v e r t i c a l  one t h e  va lues  o f  J a l s o  i n  u n i t s  o f  

E. The two s t r a i g h t  l i n e s  labe led  (1) and (2) correspond t o  the  I i m i t  

o f  eqs. (2.11) and (2.14) r e s p e c t i v e l y ,  s e t t i n g  r = R,+R,. I n  a i 1  simu- 

l a t i o n s  we have se t  B = 40 which i s  our  best  f i t  based on t h e  e n e r g y  

loss  versus ang le  i n  t h e  Wi l czynsk i  diagram. We w i i l  d i scuss  t h i s  p o i n t  

i n  more d e t a i  1  when we cons ider  f i g .  2. Curves (a) ,  (b) and (c)  were ob- 

ta ined  by s e t t i n g  a, = 0.05, 1  and 5 r e s p e c t i v e l y  and a, = O i n  a11 o f  

them. They correspond t o  the  r o l l i n g  mechanism. 

The t r a n s f e r  o f  angular  momentum occurs o n l y  f o r  va lues  o f  L, 

below t h e  g r a z i n g  va lue  o f  220 E. I t  i s  more abrup t  t h e  l a r g e r  t h e  va lue 

o f  a, up t o  a maximum v a l u e  and f rom then on i t  i s  l i m i t e d  be theasymp- 

t o t i c  behaviour o f  t h e  equat ions o f  mot ion as d iscussed i n  t h e  p rev ious  

sec t ion .  The l a t t e r  corresponds t o  t h e  r e g i o n  between 155 3i t o  195E f o r  

b o t h  curves (b) and ( c ) .  Observe t h a t  t h e  f i x e d  r a d i a l  d i s t a n c e  f r o m  

where the  ions r o l 1  one over  t h e  o t h e r  i s  l a r g e r  than Rl+R2 as shown by 

the f a c t  t h a t  b o t h  curves (b) and (c)  a r e  below .the 1 imi t se t  by the  

s t r a i g h t  l i n e  ( 1 ) .  l n  t h e  case o f  cu rve  (a) f o r  which a, = 0.05 i t  i s  

i n t e r e s t i n g  t o  observe t h e  v e r y  s low inqrease o f  J f o r  decreasing values 

o f  L ,  and t h e  l a c k  o f  t h e  asympto t i c  behaviour .  T h i s  i s  a  case we would 

cons ider  as a m i s t u r e  o f  SI i d i n g  and r o l  1  i n g  mechanisms. Curves (d) and 

(e) correspond t o  a, = a, = 1 . O  and O .  1 . r e s p e c t i v e l  y.  Curve (d) exh i  b i  t s  

the  c h a r a c t e r i s t i c  asympto t i c  behaviour  o f  t h e  s t i c k i n g  I i m i t  g i ven  ' , v  

eq. (2.14) ( f o r  a  v a l u e  o f  r aga in  l a r g e r  than R,+R,) as expected f rom 

t h e  l a r g e  va lues  o f  a, and a,. Curve (e) i s  s i m i l a r  t o  cu rve  (a) b u t w i t h  

the  i n c l u s i o n  o f  the  p i v o t a l  f r i c t i o n .  Though J takes va lues  above t h e  

l i m i t  g i v e  by eq. (2.12) i t  does n o t  show t h e  asympto t i c  behaviour  as 

g iven  by eq. (2.14). 

F ig .2  e x h i b i t s  t h e  Wi l czynsk i  diagram f o r  t h e  r e a c t i o n  u n d e r  

c o n s i d e r a t i o n .  The h o r i z o n t a l  a x i s  i s  t h e  s c a t t e r i n g  ang le  i n  t h e  C . M .  



Fig.1 - The r e s u l t s  o f  sirnulation done w i t h  d i f f e r e n t  values o f  o, and 
r, as indicated.  The hor izonta l  ax i s  i s  the i n i t i a l  angular momentum i n  
u n i t s  o f  E and the v e r t i c a l  one i s  the value o f  J i n  the same units.The 
two s t ra igh t  l i n e s  labeied 1 and 2, correspond t o  the l i r n i t s  o f  eqs. 
(2.11) and (2.14), respect ive ly  s e t t i n g  r = R,+R,. I n  a1 1 t h e  simu- 
l a t i o n s  we have set B = 40. 



i n  degrees and the hor izonta l  one i s  the energy i n  the C.M. f o r  the in -  

e l a s t i c  channels. Curves (b) and (a) a re  the same as pred ic ted by Gross 

e t  a~~~~ w i t h  and wi thout  the v ib ra t i ons  o f  the ions, respect ive ly .  Cur- 

ves (d) and (e) were obtained from our equations o f  motion o f  the pre- 

v ious sect ion w i t h  the fo l l ow ing  parameters: B = 1; al = 1/2; a,=O f o r  

curve (e) and 8 = 40; a, = a2  = 0.05 fo r  curve (d) .  Therefore curve (e) 

corresponds t o  the one-body f r i c t i o n  o f  ~ a n d r u ~ '  and we may observe that 

t h i s  f r i c t i o n  i s  ra ther  i n s u f f i c i e n t  t o  reproduce the la rge energy loss 

i n  the deep i n e l a s t i c  channels. Curve (d) compares very f a v o u r a b , ~  w i t h  

the curve (a) o f  Gross i n  the region o f  la rge i n e l a s t i c i t y  and i t  f i x e s  

the value o f  = 40 tha t  we w i l l  use throughout t h i s  paper. The d i s -  

agreement between curves (a) and (d) near the grazing angle cou l d be 

e a s i l y  corrected i f  we had al lowed ourselves t o  vary the prox imi ty  po- 

t e n t i a l s .  We d i d  not  consider important i n  what fo l lows the d i f f e rence  

o f  3 degrees f o r  the grazing angles between curves (a) and (d) .  

We w i l l  consider now the con t r i bu t i on  o f  v i b ra t i ons  t o  the en- 

ergy loss o f  the react ion.  Let us assume tha t  each ion i s  an e l a s t i c  

sphere which may v i b r a t e  i n  the quadrupole ( isoescalar)  v i b r a t i o n  modes. 

Let us ca l1  y the coordinate o f  the po in t  on the surface o f  one o f  the 

ions, w i t h  respect t o  i t s  center o f  mass, c losest  t o  the surface of the 

o ther .  We set  

v'; + llly; + l l 'wOy = f 

as the equation o f  motion f o r  t h i s  po in t  where v '  i s  the i n e r t i a  as- 

sociated w i t h  the quadrupole motion o f  the ion, w o  i s  the q u a d r u p o l e  

isoçca lar  g ian t  ressonance frequency and y i s  responsible f o r  the i n -  

terna1 d l ss ipa t i on  o f  the v i b r a t i o n a l  energy. f i s  the fo rce  produced 

by the other ion which, from our po in t  o f  view, comes exc lus i ve l y  from 

the r a d i a l  f r i c t i o n  force.  During the c o l l i s i o n ,  the po in t  o f  contact  

between the surfaces moves due t o  f r i c t i o n ,  f o r c ing  the e x c i t a t i o n  o f  

the v i b r a t i o n .  This forced motion i s  much slower than the n a t u r a l  v i -  

b ra t i on  o f  the ions and we there fore  make the somewhat o v e r s i m p l  i f  i e d  

assumption of neg lec t ing  the and i terms i n  the l a s t  equation. Then, 

we get  

The energy o f  v i b r a t i o n  f o r  each ion  resu I t s  t o  be 



Fig.2 - The Wilczynski diagram t o  the reac t ion  ' O A ~  + 2 3 2 ~ h  a t  379 
MeV. The hor izonta l  ax i s  i s  the sca t te r i ng  angle i n  t h e  C . M .  i n  
degrees and the hor izonta l  one i s  the energy a l so  i n  the C.M. f o r  
the i n e l a s t i c  channels. Curves (a) and (b) a re  the same as  p r e -  
d i c ted  by Gross e t  a~~~~ without  and w i t h  considerat ion o f  the v i -  
bra t ions  of the ions respect ive ly .  Curves (d) and (e) were obtained 
from our equations o f  motion o f  sect ion 2 w i t h  the fo l l ow ing  par-  
ameters: 6 = 1; al = 1/2; a2 = O f o r  curve (e) and 8 = 40; al =a2= 
= 0.05 f o r  curve (d) .  Curve (c) i s  the appl i c a t i o n  o f  eq. (3.5) t o  
the data corresponding t o  curve (a) o f  the same f i gu re .  



We f u r t h e r  assume tha t  f i s  approximately given by 

where Q i s  the energy loss f o r  the r e l a t i v e  motion of the ions w i thout  

inc lud ing v ib ra t i ons  and A i s  a  mean distance tha t  the ions move when 

under the ac t i on  o f  the rad ia l  f r i c t i o n  force.  Subs t i t u t i ng  eq. (3.2) 

i n t o  eq. (3.1) we f i n a l l y  a r r i v e  a t  

as the energy t ransferred t o  v i b r a t i o n  f o r  each ion.  

Let us now observe tha t  

!J ' 
and * 

Zi w ,  = E 

Then, the t o t a l  energy t ransfered t o  

%ot 

v i b r a t i o n  o f  both ions i s  

where 

The ac tua l  energy loss dur ing  the reac t ion  inc lud ing v i b r a t i o n  i s  then 

Q2 Ia*l = I Q I  + gó (3.5) 

I t  i s ' i n t e r e s t l n g  t o  observe t h a t  i f  we assume A t o  be constant 

eq. (3.3) t e l l s  us how Q,  var ies  from one system t o  another depend i n g  

on ly  on the parameter 6. The value o f  t h i s  parameter can be e s t  i m a t e  

from the data o f  Gross e t  a16. We found Q  =200 MeV and 6 = 91 .O3 MeV. 



Curve (c) i n  Fig. 2 i s  the app l i ca t i on  of eq. (3.5) t o  the data 

correspond ing t o  curve (a) o f  the same f i gu re .  Note the reasonable agree- 

ment between curve (b) ca lcu la ted by Gross and curve (c)  obtained from 

our estimate o f  the v i b r a t i o n a l  energy. 

The values o f  used i s  the (3110) m value associated w i t h  the 

i r r o t a t i o n a l  quadrupole v i b r a t i o n  o f  the ion, where m i s  the n u c l e o n  

mass. Subs t i t u t i ng  these r e s u l t s  i n t o  eq. (3.4) we ob ta in  

which i s  a very reasonable value o f  A f o r  these react ions.  

4. THE EXPERIMENTAL DATA FITTING 

Pacheco e t  a12 measured the angular momenta t r a n s f e r r e d  i n 

reactions induced by l G 5 ~ o  on 17'yb, l * ' ~ m  and a t  ,ELab = 1400 MeV . 
We simulated these react ions using the equations o f  motion o f  sec t ion2.  

We observe tha t  i n  a l l  o f  them, the angular momentum t rans fer red i s  in-  

sens i t i ve  t o  the value o f  a,. This can be understood as due t o  the f a c t  

t ha t  these systems are  c lose t o  the symmetric s i t u a t i o n  which we have 

shown t o  be i nsens i t i ve  t o  the d i f f e r e n t i a t i o n  of the r o l l i n g  and s t ick-  

ing mechanisms. Due t o  t h i s  we were not ab le  t o  substant ia te  the c o n-  

c lus ion  i n  reference 2 tha t  the experimental data c l e a r l y  favours the 

s t i c k i n g  mechanism. As the parameters 6 and f3 a re  f i x e d  by the previous 

ana lys is  o f  the * O A ~  + 2 3 2 ~ h  react ion,  we used the l G 5 ~ o  reac t ion  to f i x  

the parameter a, which determines the strenght o f  the tangent ia l  f r i c -  

t i o n .  

Fig. 3 summarizes our ana 

value f o r  the react ions i n  MeV and 

mentum t rans fer red i n  u n i t s  o f  E .  

angular po in ts  are  the experimenta 

ys i s :  the hor izonta l  ax i s  i s  the [&I 
the v e r t i c a l  one i s  the angular mo- 

he c i r c u l a r ,  quadrangular and t r i -  

data f o r  ' 7 6 ~ b ,  14'sm and 
Nat 

Ag 

ta rgets  respect ive ly .  The three curves (excluding curve (a) )  were simu- 

la ted using the value a, = 0.05 which best ad jus t  the experimental data. 

We must observe tha t  we have taken f 3 =  40 f i x e d  p r e v i o u s l y  by  t h e  

4 0 ~ r  + 2 3 2 ~ h  react  ion. 

The I Q I  value was obtained from eq. (3.5) w i t h  Q o  f i xed  by eq. 

(3.3) w i t h  the same value 6 = 91.03 MeV found i n  the previous sect ion.  

Curve (a) o f  F ig .  3 corresponds t o  a, = 0.063 which shows, when com- 

pared t o  curve (b) , how sens i t i ve  are  the resul  t s  vary ing  the parameter 

5' 
347 



- 
- 50 

- 
- 
- 
- 10 400 300 200 100 MeV - 
I I I I I 

Flg.3 - The t o t a l  angular momentum t rans fer red f o r  the react ions i n d i -  
cated. The hor izonta l  ax l s  1s the IQI values f o r  the react ions i n  MeV 
and the v e r t i c a l  one 1s the angular momentum t rans fer red i n  u n i t s  o f  A. 
The c i r c u l a r ,  quadrangular and t r i a n g u l a r  po in t s  are  the e x p e r i m e n t a l  
data f o r  ' 7 6 ~ b ,  14'sm and N a t ~ g  ta rgets  respect ive ly .  I n  a11 curves we 
used $ = 40.  For curve (a) we took ai = 0.063 wh i le  f o r  theothercurves  
we used ai = 0.05.  



WE: have a l so  studied the angular momentum t rans fer red i n  the 

reac t ion  '"Kr + 1 5 9 m  a t  ELab = 610 MeV measured by Christensen e t  aZ3. 

Fig. 4 shows on the same ax i s  as F ig .  3 the experimental data o f  8 6 ~ r ,  

1 5 4 ~ m  ( c i r c u l a r  po in ts )  and the theo re t i ca l  r e s u l t s  ( f u l l  curves) f o r  

d i f f e r e n t  values o f  a,. Even though the system i s  somewhat asymnetric, 

the inf luence o f  a, on the s imula t ion  i s  almost neg l i g i b le .  The other 

parameters are  the same as al ready f ixed by the 1 6 5 ~ o  induced react ions 

i.e.; 6 = 40, al = 0.05 and 6 = 91.03 MeV.The f i t t i n g  i s  ra ther  good f o r  

Q values up t o  150 MeV. We were enable t o  reproduce the data f o r  la rge 

values o f  Q as the system fuses f o r  / & I  > 150 MeV. 

240 120 MeV 
\ 

L I  1 I I I I 

Fig.4 - The t o t a l  angular momentum t r a n s f e r r e d  f o r  the 
react.ion 8 6 ~ r  + l S 4 s m  a t  610 MeV. The hor izonta l  and v e r t i -  
ca l  ax i s  are  the same as Fig.3. The c i r c u l a r  po in t s  a r e t h e  
experimental data and the f u l l  curves are the theo re t i ca l  
r e s u l t s  f o r  two d i f f e r e n t  values o f  a, as indicated.  



5. CONCLUSIONS 

The f l r s t  po ln t  we would l i k e  t o  emphasize i f  t h e  f a c t  t ha t  

w i t h  on l y  four  parameters we were able t o  describe c lass i ca l y  the t o t a l  

mean angular momentum t rans fer red i n  f ou r  d i f f e r e n t  react ions as we l l  

as the Wilczynski diagram f o r  the " ~ r  + system a t  E = 379 MeV. 
Lab 

This f a c t  po in ts  towards the v a l i d i t y  o f  the prox imi ty  formulae we used, 

which takes care o f  the s i ze  va r i a t i ons  c o r r e c t l y  among such d i v e r s i f i e d  

systems. With confidence i n  the parameters found i t  came as a  surpr ise  

t o  us the very small values o f  a, and a, which g ive  a  f a c t o r  o f  20 be- 

tween the r a d i a l  and tangent ia l  o r  p i v o t a l  f r i c t i o n s .  This po in ts  to the 

f a c t  t ha t  cont rary  t o  what i s  s ta ted i n  the l i t e r a t u r e ,  the mechan i  sm 

o f  angular momentum transfer  contains a  substant la l  mix ture  o f  ç l i d i n g .  

To emphasize t h i s  f ac t ,  we present i n  F ig .  5 the p red i c t i on  o f  t o t a l  

angular momentum t rans fe r  f o r  the 4 0 ~ r  + 2 3 2 ~ h  reac t ion  a t  ELab = 379 
MeV. The hor izonta l  and v e r t i c a l  a x i s  are  the same as i n  Fig.3. Curves 

(a) and (b) are the r e s u l t s  from the r o l l i n g  and s t i c k i n g  mechanism re-  

spect ive ly .  From what we found the co r rec t  p red ic t ions  i s  curve (c) which 

shows a  substant ia1 y  smal 1 t rans fer  as compared wlch curves (a) and (b) . 
Also i t  does not  e x h i b i t  the maximum c h a r a c t e r i s t i c  o f  t h e  a s y m p t o t  i c  

l i m i t .  

Our ana lys is  o f  Pacheco e t  a2 data d i d  not  corroborate t h e  i r 

conclusion tha t  the react ions there observed favour the s t i c k i n g  i n  det-  

r iment t o  the r o l l l n g  mechanism. I t  seems t o  us tha t  the i n v a l i d i t y  o f  

t h e i r  argument comes from the use o f  the asymptotic l i m i t  r e s u l t w h i c h i s  

no t  reached f o r  most o f  the energy sub-channels o f  the react ions inves- 

t iga ted.  

As a  f i n a l  po in t  we would l i k e  t o  ernphasize the e f f i c i e n c y  o f  

our treatment o f  the v i b r a t i o n a l  energy loss spec ia l l y  when we compare 

i t s  extreme s i m p l i c i t y  w i t h  the great  complexity t ha t  v ibrat ionaldegrees 

o f  freedom introduce i n  any c lass i ca l  ana lys is .  

We would l i k e  t o  thank p ro f .  J. Lopes Neto f o r  reading the 

manuscript. 



Fig.5 - The t o t a l  angular momentum t rans fer red predicted f o r  the reac- 
t i o n  ' O A ~  + 2 3 2 ~ h  a t  379 MeV. The hor izonta l  and v e r t i c a l  a x i s  are  the 
sane as Fig.  3.  Curves (a) and (b )  are  the pred ic t ions  from the r o l l i n g  
and s t i c k i n g  mechanisms respect ive ly .  Curve (c) e x h i b i t s  the co r rec t  
p red i c t i on  bases on our analysis.  
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Resumo 

Foram analisadas as t ransferências de momento an u l a r  t o t a l  nas 
reações "IHO em 17'yb, ' 5 4 ~ m  e N a t ~ g  a 1400 MeV e ' ' ~ r  +'"Sm a 610 MeV. 
Foi usado um modelo c láss i co  com f r i c ç ã o  que i n c l u i  além do mvLmento re-  
l a t i v o  dos íons suas rotações e vibrações quadrupolares. As razoes en t re  
as f r i cções  tangencial ou de pivotamento para a rad ia l  foram f ixadas em 
1/20 pela anã1 i se  dos dados. Não f o i  encontrada nenhuma f o r t e  evidência 
de um mecanismo de sticking. 


