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A bstract: A tw o-sphere m od el is developed  for th e therm al excita tion  o f  sp in -depolarizing  m od es in 
m ass asym m etric heavy-ion  system s. T he effect o f  these m od es on  the spin d istr ibu tions and the 
sp in  align m ent o f  the fragm ents is investigated.

1. Introduction

A ngular m om entum  transfer is currently a topic o f  considerable interest in the 
study o f deep-inelastic processes. Because the /-transfer is linked to  the incident /- 
wave, such studies provide insight into various dynam ical features o f  heavy-ion 
collisions such as the strength o f the frictional forces. An interesting aspect which 
has recently come to light concerns the alignm ent o f the fragm ents spins. Experim en­
tal studies o f y-ray anisotropies and the angular distributions o f sequential fission 
fragm ents and light particles have shown tha t the angular m om enta o f  the fragm ents 
is no t strictly perpendicular to  the reaction plañe, as suggested by simple friction 
m odels Instead, it appears tha t com ponents o f  angular m om entum  are gener- 
a ted a lo n g o th e rax es in the collision process. These angular m om enta com bine with 
the angular m om entum  transferred from  the relative m otion leading to  a mis- 
alignm ent o r depolarization o f  the fragm ent spins with respect to  the norm al to  the 
reaction plañe.

The existence o f spin-depolarizing m odes complicates the experim ental deter- 
m ination  o f  the angular m om entum  transfer in deep-inelastic reactions. For example, 
in sequential fission studies the excitation o f  these m odes aflfect the out-of-plane 
and  in-plane angular distributions o f the fission fragm ents, which are used to  extract 
the fragm ent spins. In the case o f y-ray m ultiplicity measurem ents, which are sensitive
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to  the sum o f the absolute valúes o f  the fragm ent spins, depolarizing m odes can affect 
the m agnitudes of the fragments’ spins (especially for the low /-waves) as well as the 
higher m om ents o f  their spin distributions. M oreover, the partial loss o f  alignm ent 
m akes it difficuit to  relate the m ultiplicity o f continuum  y-rays to  the angu lar mo- 
m entum  since the average m ultipolarity  cannot be inferred from  anisotropy data 
alone.

In the light of the above discussion, it is clear that a deeper understanding of spin- 
depolarizing effects is im portan t to  heavy-ion reaction studies. F rom  a theoretical 
point o f  view, two approaches have been taken. The first o f  these involves the 
assum ption o f  a particular m echanism  (or mechanism s) such as particle transfer 
an d /o r the excitation o f  collective m odes The second approach  assum es the
therm al excitation o f  a num ber o f  angular m om entum  bearing collective m odes “ ). 
W hile this la tter approach overlooks the very interesting dynam ical aspects o f  the 
problem , it offers the advantage that it does no t rely on the validity o f a particu lar 
reaction mechanism, and, at the same time, provides the long-time limit to  which all 
m echanism s m ust tend.

In a recent w ork, a m acroscopic model has been developed which describes the 
therm al excitation o f  collective m odes for a sym m etric system consisting o f  two 
touching, rigid, hquid-drop spheres * ‘ ). This model has pro ved useful in the interpre- 
ta tion  o f y-ray anisotropies ^" ^). In the current work this model is extended to  include 
asym m etric systems. This extention allows a much broader basis for com parison 
with experim ental data.
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2. Normal modes

F o r simplicity we shall assume tha t the dinuclear, interm edíate com plex consists 
o f  two rigid, liquid-drop spheres. In order to  specify the locations and the orientations 
o f  these two objects in space, twelve coordinates are needed. By w orking in the 
center-of-m ass system and by requiring tha t the fragm ents touch, six coordinates 
are effectively elim inated. Thus there are six norm al m odes o f  vibration (for spherical 
fragm ents the m odes actually correspond to rotations).

If  the system is mass symmetric, the norm al m odes can be determ ined essentially 
by inspection. They are bending (doubly degenerate), twisting, wriggling (doubly 
degenerate), and tilting The first three m odes are antisym m etric (i.e. the angular 
m om enta o f  the fragm ents are oppositely directed) while the last three are symmetric. 
In all cases the m agnitude o f  the fragm ents’ spins are equal. However, for asym m etric 
heavy-ion systems the norm al coordinates are not readily apparen t and m ust be 
determ ined by diagonalizing the kinetic energy m atrix.

Let U S  trea t the problem  in a body-fixed coordínate system in which the disintegra- 
tion  axis is the^^-axis (see fig. 1). The total angular m om entum  o f the system, which 
is equal to  the initial orbital angular m om entum , is denoted by I. The projection o f I
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F ig. 1. Schem atic  o f  the dinuclear system  in the b od y-fixed  fram e sh ow in g  the tota l sp in  vector /  and its
p rojection  o n  the sym m etry axis K.

along the disintegration axis is K.  In the body-fixed frame /  precesses about the y-axis 
with an  angular frequency Q given by

Q = K,

where J ^  and , / | |  are respectively the m om ents o f inertia perpendicular and parallel 
to  the sym m etry axis. The com ponents o f  /  along the x- and z-axis are

sin Qt,

= y / P  — K^  eos Qt.

W hen the com plex decays, part o f  /  will become intrinsic spin in the fragments 
and  part will rem ain in the relative m otion ; tha t is,

I  = S i + S 2 + I, (11

where Si and S 2 are the respective spins o f  the fragm ents and l is the final orbital 
angular m om entum . The total rotational energy o f the system is

(2)
2 ./ ,  2 ./1  . ^ 2

where is the relative m om ent o f  inertia and the quantities and ^ 2

are the m om ents o f  inertia o f  the two fragm ents.
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The intrinsic spins o f  the fragm ents arise from two sources: the rigid ro ta tion  o f 
the complex and the depolarizing modes. Thus the com ponents o fS i can be w ritten as

siní2í +  Rj^ =  / ri siní3f +  i?i^ (3a)

K  + R,^„

^ i z  ~  / r i C o s  Qt  +

(3b)

(3c)

w here = + In each o f  these equations the first term  arises from
rigid ro ta tion  and  the second term  is produced by the excitation o f  the collective 
modes. Obviously, sim ilar equations hold for the spin com ponents o f  fragm ent two. 

A ngular-m om entum  conservation imposes the following constrain ts:

s iní3t  =  K , ^  +  K 2;, +  /;t +  ( / R i + / R 2 ) s i n í 3 f ,  

ly = K  — Riy + R2y + ' K +

- K ^  c o s f i t  =  K i^  +  K2^ +  /z +  ( / r i + / R 2 ) c o s f í t .

(4a)

(4b)

(4c)

As the second o f these equations clearly shows, =  — R i y  Using eqs. (2), (3a-c) 
and  (4a-c) it is straightforw ard to  show tha t

_  .  R L + R l  . R L + R lAE = E -  --------h
2./-T 2 ./ ,

(j^lx +  ^2x)^ +  ( ^ l .  +  ^2z)^ 
2 ,/ . 2 ( ,/^ + ./2 )^ T

where R^ = Ri^.  The above quadratic  form  can be w ritten as A E  =  ^ R 'T R  where 
R ‘ =  (Rix,  Rix,  K, Ry, Riz,  Riz)  and T  is the kinetic energy tensor. N ow  T  is block 
diagonal and thus A E  can be w ritten as

zl£ =  i(R i.,K 2x)

1 1

1 1

1

+  —

R u

R 2x
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O

+ 1ÍR u ,R2^)

1 1
:r- +  —

1 1 

1

1 1
+

K

R,

./2 (6)

Since the second block is diagonal, we have already found two o f the six norm al 
modes. The first corresponds to a tilting o f the disintegration axis which produces 
rigid ro ta tion  o f  the fragm ents about the symmetry axis. The second m ode is a 
tw isting m ode in which the fragm ents bear equal but oppositely directed spins. These 
m odes are exactly the same as those found in the m ass-sym m etric case. R ather than  
using K  and Ry, it proves convenient (see below) to define the norm al coordinates 
Cxi and Ctw> where

.  _ 0

F o r tilting, the fragm ent spin com ponents o f  the eigenvector are

«ITi =

for twisting,

(7a)

(7b)

U ( = / , + . / 2 ) ’ ■ W l + ^ 2 )

MTW — ^2TW —

(8a)

(8b)

Since the rem aining two blocks in eq. (6) are identical, there are two doubly 
degenerate m odes left to be found. The diagonalization process leads to the secular 
equation

1 1
(9)



which yields the eigenvalues
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1 í  1
2 \ . / ,

1 2
■̂ 2

( 10)

where a =  W corresponds to the plus sign and  a =  B corresponds to  the m inus 
sign. The ratio  o f  the com ponents o f  the eigenvectors is given by

V 2 . / '
± 1 +

\ 2

2 . / ^
( 11)

where 1 /./*  =  I / . / 2— l / / i -  N ote that if the plus sign is taken, the ra tio  is always 
positive, indicating tha t the m ode is symmetric. O n the o ther hand, the m inus sign 
corresponds to an antisym m etric mode. The identification o f  these m odes w ith 
wriggling-like and bending-like m otions is evident. Thus we desígnate these norm al 
coordinates as Cwx> Cwz. Cbx and Cbz- 

The above equation specifies only the ratio  o f the com ponents o f  the eigenvectors. 
The norm alization is m ost conveniently fixed by requiring tha t the eigenvectors be 
orthogonal in the vector space in which T  is the m etric tensor. This requirem ent 
leads to

=  ± --/i

and

a , ,  =
+ ( , / 2+ -  2,/2-_/,;.j,

(12a)

(12b)

In eq. (12a) the plus sign is to be taken for the wriggling m ode whereas the m inus 
sign is to be taken for bending. W ith this choice o f  norm alization (which is con- 
sistent with tha t used for tilting and twisting), the kinetic energy takes on a very 
simple fo rm ;

= Í(Cwx + CL + Cti + Ctw+Cwz+Cbz) - r2 (13)

Thus from  the point o f  view o f  energetics, all the norm al m odes are placed on  an 
equal footing.

In figs. 2a en b the fragment spin com ponents of the various eigenvectors express- 
ed in units of the square roo t of the m om ent of inertia of the com pound system, 
are p lo tted  as a function o f  the mass fraction o f  fragm ent one, Uy = A i j A j .  A t 
sym m etry the two fragm ents carry equal spins for each o f  the norm al m odes as 
expected. N ote th a t the twisting and bending m odes have equal spins a t symmetry
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F ig. 2a. T he sp in  com p on en ts  o f  fragm ent one  
for th e various norm al m od es p lotted  as a func- 
tion  o f  the m ass fraction  for fragm ent on e , { / , .

F ig. 2b. T he sp in  com p on en ts  o f  fragm ent tw o  
as a fu nction  o f  U ,.

Fig. 3. Schem atic  illustrating th e angu lar m om en tum  invested  in orbital m o tio n  and intrinsic fragm ent 
sp in  for each o f  the norm al m od es. A n  asym m etry í / ,  =  0 .7  is assum ed.



indicating degeneracies. However, except for twisting the two fragm ents do not 
carry equal spins for asym m etric configurations. F or the bending-like m ode the 
heavy fragm ent (fragment one) bears m ost of the spin. O n the o ther hand, in the case of 
wriggling the light fragment carries the bulk of the spin. The bending and wriggling 
modes are com plem entary in the sense that

^IW _  _  ^2B
^2W í'lB

as is easily show n using eq. (11). As a further illustration, fig. 3 shows the relative 
am ounts o f  angular m om entum  in orbital m otion and in intrinsic ro ta tion  for the 
various norm al modes. The radii of the fragments correspond lo U i =  0.7 under the 
assum ption th a t Rcc F o r simplicity zero total spin is assum ed for all m odes 
except for tilting.

Because o f  our norm alization, the m agnitudes o f  the com ponents o f  the eigen- 
vectors reflect the fragm ent spins which result from  a fíxed energy investm ent in 
each o f  the norm al modes. Consequently, the valúes o f  the com ponents gives an  
indication o f  the im portance o f  the various m odes a t therm al equilibrium . It is ap- 
paren t from  figs. 2a and b that all o f the m odes except tilting are suppressed at extreme 
asym m etries. The suppression o f  the twisting m ode reflects the fact tha t it is energeti- 
cally costly to im part spin to  the light fragm ent. O n the o ther hand, the demise o f  the 
bending m ode results from an increase in the angular m om entum  associated with 
the orbital m otion which becomes stiffer at large asym m etries ( as Í7 ^1 ). 
Finally, both o f these effects contribute to  the rapid suppression o f the wriggling 
m ode. The tilting m ode is exceptional because the heavy fragm ent bears essentially 
all o f  the spin a t large asym m etries and because there is no orbital angular m om entum  
associated with it. Now let us tu rn  to  the statistical m echanical aspects o f  the probiem .
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3. Partition functions and averages

Using the norm al m odes found in the last section, one can write the classical 
partition  function in the simple form

Zoc dCwx ■ • ■ d Í B z e x p l  -  +  . . .  + C L - ) / 2 t }  =  n  =  f l  2 . ,  ( H )
a J

where t  is the tem perature. F o r wriggling, bending, and twisting -  o o  ^  ^  +  Q o ; 

thus

Z , =  í  (15)

The excitation o f  the tilting m ode is lim ited by the to tal angular m om entum  o f  the
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s y s t e m ;  i . e .  - / / ( a i T i  +  f l a x i )  SC  t i  =  - ^ / ( í í i t i  +  « 2 t i ) -  In t h i s  c a s e

I
Zy, =  ^ / i ñ x e r f

V^y5^(í<J■p,+ « 2x 1)

=  y / l ñ z e r í  I
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(16)

Equipped with these partion  functions, it is straightforw ard to calcúlate various 
expectation valúes. F irst o f  ai!.

(17)

holds for all o f the modes. Simiiarly, it is easy to see that <C¡,C/í> =  O for a ^  p. This 
last result is, o f  course, expected since the norm al m odes are independent. For 
bending, wriggling, and twisting.

F o r tilting,

where

=
1 r

1 -

dCaCíe =  T.

' 2 xe -x2/2t

nx I X 
e r f

+ - - ^ 2 )

(18)

(19)

4. Wriggling and bending

Let US now calcúlate the various m om ents o f  the fragm ent spin d istributions for 
the wriggling and bending modes. Because o f  the double degeneracy, the bending 
and wriggling m odes produce angular m om enta which are random ly oriented in 
the xz plañe.To be m ore specific, let us focus our atten tion  on fragm ent one. The 
excitation o f  one o f these doubly degenerate modes will produce the spin com ponents 
Rix  and F o r the specific case o f  wriggling,

^ I x  ~  ^ Iz  =  ‘̂ iwzíwz-

If we change to the variables =  Cwx +  Cwz and 6 =  tan^HCwx/íwz), the spin 
o f fragm ent one is

S i =  7 r  ̂+  /^i +  2R i /r iCOS0,



where R \  =  R\^  + R\^. The partition  function is
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Jo

3 rin
d í (  =  2 k t .

Jo

Thus the average spin o f fragm ent one is

<Si> =
Inx o J o

á O ^ R \  + I l , + 2 R J ^ ^ c o s e .

As has been shown previously the integral over 6 in the above equation can be 
accurately approxim ated by / r i  +  ^ i /4 / r ,  for Ri < 7ri and by 7 ? i+ /r i /4 /? i  for 
/?! >  /r i-  Thus

< S , >
1 ’ao

2 /ri 2 V / ri
exp -

2a\^ x¡'■J

/ r i (20)

A t sym m etry «iw =  + 1). Substitution o f  this expression into eq. (20)
yields the same valué o f  obtained for the symmetric case “ ). In the lim it o f 
la rg e /R i,e q . (20) yields

< S , >  ~  / r i  +  

T he calculation o f <5i> is som ew hat easier: 

<Sf> = i R l  + ¡ i , + 2 R J ^ ^ c o s e y

2 /ki

(21)

d a d9{Ri  + l i ^ + 2 R i U ,  cosé»)e“ '"̂ ^̂

(22)

U sing eqs. (20) and (22) one can readily calcúlate the sigma o f the spin d istribution 
for fragm ent one, CThv- For large /« ,,

atwt . (23)

F o r m easurem ents which are not sensitive the spin distributions o f  the individual 
fragm ents (e.g. y-ray m ultiplicity experiments), it is m ore appropria te  to consider



the total fragement spin Sj.  The quantity  <Sx> =  <|Sil> +  <|52l> is obviously easy 
to  calcúlate using eq. (20). However, the calculation of is a bit m or involved 
because

<  =<{|S,| +  |S2 |)^>-< |S ,| +  |S2|>^

=  ffJw +  f^2w +  2cov(5i,S2)

=  fTiw +  0’2W +  2 « S i S 2 > —< S i)< S 2 )) .  (24)

It is not so simple to evalúate the covariance term s with the same approxim ation 
technique utilized in deriving eq. (20). Henee let us m ake the m ore extreme approxi­
m ation that 7ri and 7r2 are large com pared to Ri  and Rj ,  respectively. In this case 
one can use eq. (21) to  obtain the result
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<'Si><S2> ~  ¡ / r i +  (25)

To second order in /? //r,

<SiS2> »  Í r i I r2+  ^iw'^ +  T 7 ^  +  ^1 w‘̂ 2w' -̂ (26)

C om bining eqs. (25) and (26) one obtains

cov(S[,S2) — ai^Ü2^T: r ~  ^iw^2w'^- (27)
^jRnR2

A t first glance it m ight appear that the usefulness o f  the above equation  is very 
limited because of the restriction R < 7r. This condition is obviously not satisfied 
a t large asymmetries because / r ^ O  for the light fragm ent. However, as the asymmetry 
increases, the im portance o f  the covariance term  diminishes, and. although the 
assum ption R < Ig^is not justified, eq. (27) can still be used w ithout introducing any 
appreciable error.

I f  one also uses the expression for (Ti^ and (Tjw for / r  >  R, one obtains the very 
simple result

~  («iw +  a2w)^T. (28)

A t symmetry this equation  yields

2 . 2

as obtained previously “ ).
In  the preceeding paragraphs the discussion has concentrated on the wriggling 

modes. The treatm ent o f  the degenerate bending m odes is formally identical. The 
only m odifications that need to be made are the replacem ent o f  with and a 2w 
with Ü2B-
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5. Tilting and twisting modes
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For the tilting m ode the spin o f  fragm ent one is
\2

' ' ( P - K ^ ) +  ■ 'S i  =

=  / ri
1 \

(aiTi +  «2Ti)^ k l i
T /  /  .

To second order

< S i )  SE / r i +  2 ^  ( í * 1 T I + ' ^ 2 T | ) ^ ^ ^ Í t | ) >  ( 2 9 )

where <C|i> can be obtained from eq. (19). For large <Cíi> «  t. In this limit

<S,> * / ri + - (30)

where we have used the expression in eqs. (8a). Averaging the square of S i, one 
obtains

<Si> =  ("lTI+^2Tl)^ <Ct|>

I I ,
, / ^ ( A  +  2 ( . / i+ ^ 2 ) )  

A ( - ^ 1 + , / 2 )
T, (31)

where the approxim ate form corresponds to  the high-spin Hmit. A s noted for the 
sym m etric case, the fluctuations in the spin produced by tilting are small. In fact, 
(Tj =  O to second order.

Lastly, let us consider the twisting m ode. F o r fragm ent one

< ^ i >  =
1

JTT
(32)

A good approxim ation to  this integral can be obtained by expanding the radical in 

p o w erso fa i-rw /4 i forCrw <  /Ri/^irsv and  in powers o f f o r  Cjw >  ^r i/« itw- 
Som e care m ust be taken in this procedure. To second order,

< S i > ^R1 + erf +
^ITW

+

/ | e - lh/2a\j„r

(33)



where Ei  (x) is the exponential integral

£ i W  =

In the limit o f  small / ri ,
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d í - ' e - ' .
Jx

whereas for large 7r i ,

2 /r

One can readily show that

< S ? >  =  / R i + a ^ w t

The sigma o f the spin distribution for fragm ent one can be obtained from  eqs. (33) 
and (36). F o r large spin — O, while for small 7ri,

1 - -  . (37)V n )

N ear symmetry the fluctuation in the total spin distribution due to  twisting, o-jw, 
is small. For fairly asym m etric m ass splits % o'2tw> where we have assumed 
th a t fragm ent two is the light fragment. Thus the spreading in the spin distribution 
due to  twisting is generally small.

6. Some examples

The model described in the preceeding sections can be applied to  a num ber o f 
aspects o f  heavy-ion collisions. As examples, we shall consider the effects o f  the 
collective m odes on the spin d istribution  o f the fragm ents and on the angular distribu- 
tions o f  sequential fission fragm ents for a typical heavy-ion reaction. We have chosen 
thereac tion  ®̂’'A u + 6 0 0  MeV ®®Kr because it is a well-studied case  ̂• * ̂ ) and because 
it was also used in the com parison with the symmetric sphere model ‘ ‘).

The average orbital angular m om entum  in the *®^Au +  *®Kr system is abou t \ 90h. 
The corresponding tem perature for this /-wave is estim ated to  be 1.78 MeV. In  the 
interest o f  simplicity, we shall assume tha t both  o f these quantities are independent 
o f  asym m etry. In reality, the angular m om entum  is expected to  be fractionated
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along the mass asym m etry coordínate even at equilibrium  The tem perature
will also vary with asymmetry.

The first point to  be considered is the correction to  the fragm ent spins due to the 
statistical excitation o f collective modes. Using eqs. (8) and  (12) the spin com ponents 
o f  the various norm al m odes are readily calculated. The spins arising from  wriggling, 
bending, tilting and twisting are then calculated using eqs. (20), (29) and (33). The 
sum o f the fragm ent spins divided by the total spin arising from  rigid ro ta tion  is 
plotted in fig. 4. Even for this rather high /-wave, the correction to  the fragm ent 
spins approaches 20 % for nearly symmetric exit channels. However, as the asym m etry 
increases, the correction decreases rather rapidly (note that the entrance channel 
corresponds to C/i =  0.7). This trend is easily understood; the excitation o f  the 
various collective modes is suppressed at large asymmetries as discussed earlier.

We have also calculated the sigmas of the spin distributions of the fragments arising 
from  the wriggling and the bending m odes using eq. (28). In fig. 5 the ratio  o f  these 
quantities to the total fragm ent spin is plotted as a function o f  the m ass asym m etry. 
The ratio  <Tt-/<5j> is also given (tilting and twisting have been neglected in a-f since 
these m odes yield relatively small contributions). Once again one observes that 
the influence o f the collective modes is strongest near symmetry. In this región 
the dispersión is >  30 %. As the asym m etry is increased, however, the relative 
w idth o f  the spin d istribution decreases. This effect is particularly strong for the 
wriggling m ode because the light fragm ent bears m ost o f  the spin (see figs. 2a and  b).

u,
F ig. 4. T h e  ratio o f  th e average total fragm ent 
sp in  to  the spin arising from  rigid rotation  as a 
fu n ction  o f  th e m ass fraction  for  fragm ent one  

for the '^''Au +  ^^Kr reaction  (see text).

Fig. 5. T he ratio o f  the sigm a o f  th e spin d istr i­
bu tion  to  the average sp in  for w riggling, bend ing, 
and w riggling plus bend ing as a fu n ction  o f  the 

Ui  for  the ‘ ’̂ A u  +  ^^Kr reaction  (see text).



The effect is less pronounced for bending since the heavy fragm ent carries m ost o f  the 
angular m om entum .

The large dispersión in the spin distributions of Ihe fragm ents can partially explain 
the large w idths observed in y-ray m ultiplicity distributions However, extreme 
caution should be exercised since the excitation of collective modes is certainly 
no t the only source o f dispersión. The contribu tion  from  the w idth o f the orbital 
angular-m om entum  distribution must also be properly included taking angular 
m om entum  fractionation effects into account

As a final example we shall consider the effect o f  the various collective modes on 
the spin alignm ent in deep-inelastic reactions. Since the problem  o f the angular 
d istributions o f  light partidas, fission fragm ents, and y-rays has recently been dealt 
with quite e x t e n s i v e l y w e  shall confine ourselves to a simple and schematic 
exam ple which illustrates the application o f  the current model. In particular, let 
U S  consider the in-plane and out-of-plane angular distributions o f  sequential fission 
fragm ents from  the ^®^Au +  ®^Kr reaction for / =  I90h.

If the d istribution  governing the orientation  o f the spin o f  the fissioning nucleus 
(fragm ent one) is o f  the form

I I  I ]
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p ( / ) c c « p l

the angular d istribution  o f  the fission fragm ents is given by *)

(38)

Vi a { - i [ / ,c o s 0 /S ( 0 ,0)]^}, (39)
S(0,cp)

where

S^(0,4>) =  Ko +  (íT^cos^í^ +  (TySÍn^0)sin^0 +  o-^cos^0. (40)

The sigmas in the above equations are given by

=  «B<CÍ>+flÍ<Cw> =

= aíi<Cli> +  a|w<CTw> ~  (41b)

The approxim ate form  given in eq. (41b) corresponds to  the high-spin lim it in which 
<Ct> ~  T.In o ther situations, eq. (19) m ust be used for <Cíi>- 

Using eq. (41) we find =  \ 3 h  and =  I S h  for the entrance channel
asym m etry (U = 0.7). Assuming K q =  lOh and /¡. =  54h one obtains the in-plane 
and out-of-plane distributions shown in fig. 6 (see solid curves). The out-of-plane 
distributions are strongly anisotropic as observed experimentally. Interestingly 
enough there is also a weak in-plane an iso tropy ; a shallow m inim um  occurs along 
the line o f  centers. The angular distributions are ra ther sensitive to  the exit-channel
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9,  4,

Fig. 6. C alculated  ou t-o f-p lan e  and in-p lane angular d isir ib u tion s o f  sequential fission  fragm ents for  the  
‘ ‘'''A u +  600 M eV  ®*’Kr reaction  for U =  0. 7  (the entrance chann el) and U  =  0.9 . N o te  that the line o f  

centers is situated at O =  90° and ó  =  90°.

asym m etry. As an illustration we have perform ed a sim ilar calculation for U = 0.9 
(see dashed curves in fig. 6). F o r this larger asym m etry, the out-of-plane d istribution 
broadens due to the increased tilting o f the decay axis o f  the projectile and target 
nuclei. A t the same time, the predom inant spin fluctuations abou t the decay axis 
give rise to  an  appreciable in-plane anisotropy.

A t the current time, the experim ental situation regarding the in-plane angular 
distributions is unclear. M easurem ents on the systems ^®Ni and ‘’‘’Zr +  ^°®Pb and 

indícate essentially isotropic d istributions O n the o ther hand, studies o f  the 
reaction ^^^Bi +  ^^Kr, “ ’^Au +  ^'^Ne, and “ ®U-t-2°Nedo show in-plane anisotropies 
w ith a m áxim um  along the expected recoil direction o f  the target-like fragm ent 
In these cases, the anisotropies becom e m ore pronounced as the exit-channel asym ­
m etry increases in qualitative agreem ent with the present m odel. However, the 
quantitative com parison o f  the experim ental data with the model prediction is no t 
straightforw ard. In the m odel, the relevant direction is tha t o f  the line o f  centers 
at the time o f scission when the interaction between the fragm ents ceases and the 
instantaneous partition  o f  the to tal angular m om entum  is fixed in the system. Because 
this direction generally does no t coincide with the recoil direction o r any other



experim entally determ ined direction, it is difficult to  pass judgem ent on the statistical 
model a t this time.
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7. Summary

In condusion , we have described a simple, two-sphere model for the statistical 
excitation o f  various collective m odes in heavy-ion reactions. It has been found that 
the angular m om entum  carried by these modes is strongly dependent on the mass 
asym m etry o f the system. In particular, all o f the modes except tilting tend to  be 
suppressed at large asymmetries. Analytic expressions for the first and second m om ents 
of the spin distributions of the fragments have been presented. In addition, the effect of 
the excitation of these modes on the spin alignment has been explored.

This w ork was supported by the US D epartm ent o f Energy under contract DE- 
AS05-80ER01565.

Keferences

1) M . Berlanger, M . A . D elep lanqu e, C. G erschel, F. H anappe, M . Leblanc, J. F. M ayault, C. N g ó , D . 
Paya, N . Perrin, J. Peter, B. T am ain  and L. V alentin , J. Phys. Letl. L 37 (1976) 323

2) G . J. W ozniak , R. P. Schm itt, P. G lássel, R. C . Jared, G . Bizard and L. G . M oretto , Phys. Rev. Lett. 40
(1 9 7 8 )1 4 3 6

3) P. D yer, R. J. Puigh, R. V andenb osch , T. D . T h om as and M. S. Z ism an, Phys. Rev. Lett. 39 (1977) 392
4) Fl. V .  Fiarrach, P. G lássel, Y . C ivelekoglu , R. M anner and H. J. Specht. Phys. Rev. Lett. 42  (1979) 1728
5) R. A . D ayras, R. G . Stokstad , C. B. Fulm er, D . C. H ensley, M . L. Flalbert, R. L. R ob in son , A . H. Snell, 

D . G . Sarantites, L. W esterberg and J. Fl. Barker, Phys. Rev. Lett. 42  (1979) 697
6) P. A guer, R. P. Schm itt, G . J. W ozniak, D . H abs, R. M . D iam on d , C. E llegaard, D . L. H illis. C. C . H su, 

G . J. M athew s, L. G . M oretto , G . U . R attazzi, C. P. R oulet and F. S. Stephens, Phys. Rev. Lett. 43
(1 9 7 9 )1 7 7 8

7) G . J. W ozniak , R. J. M cD on a ld , A . J. P acheco, C. C. FIsu, D . J. M orrissey, L. G . Sob otk a , L. G. 
M oretto , S. Shih, C. Schück, R. M . D iam on d , Fl. K luge and F. S. Stephens, Phys. Rev. Lett. 45 (1980) 
1081

8 ) R. A . Broglia, G . P o llaro lo , C. Fl. D asso  and T. D 0ssin g , Phys. Rev. Lett. 43 (1979) 1649
9) S. A yik , G . W olsch in  and W. N óren berg, Z. Phys. A 286 (1978) 271

10) R. V andenb osch , Phys. R ev. C 20 (1979) 171
1 1) L. G. M oretto  and R. P. Schm itt, Phys. Rev. C 2I (1980) 204
12) M . M. A leonard. G . J. W ozniak , P. G lássel, M . A . D elep lanqu e, R. M . D iam on d , L. G . M oretto , R. P. 

Schm iH and F. S. Stephens, Phys. Rev. Lett. 40  (1978) 622
¡3 ) P. R. C hristensen, F'. F o lkm ann , O. Flansen, O. N athan , N . Trautner, F. V idebaek, S. Y . van der W erf, 

Fl. C. B riu, R. P. C hestnut, Fl. Freiesleben and F. Pühlhofer, Phys. Rev. Lett. 40 (197«) 1245
14) T. D 0ssin g , N ucí. Phys. A 357 (1981) 488
15) L. G . M oretto , S. K. Blau and A . J. P acheco, N ucí. Phys. A 364 (1981) 125
16) D . J. M orrissey, G . J. W ozniak, L. G . Sob otk a , A. J. P acheco, C. C. H su, R. J. M cD on ald  and L. G. 

M oretto , L aw rence Berkeley L aboratory report LB L -12181, to  be published


