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Abstract: A two-sphere model is developed for the thermal excitation of spin-depolarizing modes in
mass asymmetric heavy-ion systems. The effect of these modes on the spin distributions and the
spin alignment of the fragments is investigated.

1. Introduction

Angular momentum transfer is currently a topic of considerable interest in the
study of deep-inelastic processes. Because the [-transfer is linked to the incident /-
wave, such studies provide insight into various dynamical features of heavy-ion
collisions such as the strength of the frictional forces. An interesting aspect which
has recently come to light concerns the alignment of the fragments spins. Experimen-
tal studies of y-ray anisotropies and the angular distributions of sequential fission
fragments and light particles have shown that the angular momenta of the fragments
is not strictly perpendicular to the reaction plane, as suggested by simple friction
models ! ~7). Instead, it appears that components of angular momentum are gener-
ated along other axes in the collision process. These angular momenta combine with
the angular momentum transferred from the relative motion leading to a mis-
alignment or depolarization of the fragment spins with respect to the normal to the
reaction plane.

The existence of spin-depolarizing modes complicates the experimental deter-
mination of the angular momentum transfer in deep-inelastic reactions. For example,
in sequential fission studies the excitation of these modes affect the out-of-plane
and in-plane angular distributions of the fission fragments, which are used to extract
the fragment spins. In the case of y-ray multiplicity measurements, which are sensitive
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to the sum of the absolute values of the fragment sp?ns, depolarizing modes can affect
the magnitudes of the fragments’ spins (especially for the low I-waves) as well as the
higher moments of their spin distributions. Moreover, the partial loss of alignment
makes it difficult to relate the multiplicity of continuum j-rays to the angular mo-
mentum since the average multipolarity 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 important to heavy-ion reaction studies. From a theoretical
point of view, two approaches have been taken. The first of these involves the
assumption of a particular mechanism (or mechanisms) such as particle transfer
and/or the excitation of collective modes ®~1°). The second approach assumes the
thermal excitation of a number of angular momentum bearing collective modes '?!).
While this latter approach overlooks the very interesting dynamical aspects of the
problem, it offers the advantage that it does not rely on the validity of a particular
reaction mechanism, and, at the same time, provides the long-time limit to which all
mechanisms must tend.

In a recent work, a macroscopic model has been developed which describes the
thermal excitation of collective modes for a symmetric system consisting of two
touching, rigid, liquid-drop spheres '!). This model has proved useful in the interpre-
tation of y-ray anisotropies >~ ). In the current work this model is extended to include
asymmetric systems. This extention allows a much broader basis for comparison
with experimental data.

2. Normal modes

For simplicity we shall assume that the dinuclear, intermediate complex consists
of two rigid, liquid-drop spheres. In order to specify the locations and the orientations
of these two objects in space, twelve coordinates are needed. By working in the
center-of-mass system and by requiring that the fragments touch, six coordinates
are effectively eliminated. Thus there are six normal modes of vibration (for spherical
fragments the modes actually correspond to rotations).

If the system is mass symmetric, the normal modes can be determined essentially
by inspection. They are bending (doubly degenerate), twisting, wriggling (doubly
degenerate), and tilting *!). The first three modes are antisymmetric (i.e. the angular
momenta of the fragments are oppositely directed) while the last three are symmetric.
In all cases the magnitude of the fragments’ spins are equal. However, for asymmetric
heavy-ion systems the normal coordinates are not readily apparent and must be
determined by diagonalizing the kinetic energy matrix.

Let us treat the problem in a body-fixed coordinate system in which the disintegra-
tion axis is the y-axis (see fig. 1). The totat angular momentum of the system, which
is equal to the initial orbital angular momentum, is denoted by I. The projection of I
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X

Fig. 1. Schematic of the dinuclear system in the body-fixed frame showing the total spin vector I and its
projection on the symmetry axis K.

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

Q= (Li _j“> K,
FLH

where .# | and .# |, are respectively the moments of inertia perpendicular and parallel
to the symmetry axis. The components of I along the x- and z-axis are

I, = /I*—K?sinQt,
1, =./I*—K? cos Qt.

When the complex decays, part of I will become intrinsic spin in the fragments
and part will remain in the relative motion; that is,

I=8,+S,+1, (1)
where S, and S, are the respective spins of the fragments and [ is the final orbital

angular momentum. The total rotational energy of the system is
12 SZ SZ
YA Y AR Y A @)

where .#, =ur? is the relative moment of inertia and the quantities #, and #,
are the moments of inertia of the two fragments.
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The intrinsic spins of the fragments arise from two sources: the rigid rotation of
the complex and the depolarizing modes. Thus the components of §; can be written as

5 . .
Su:ﬁ‘/IZ—K2 sinQt+R,, = Iy, sinQt+R,, (3a)
Su=4 +f2K+RU, (3b)
Siz = Iqcos Qt+R,,, (3c)

where #; = 4, + #,+4,. In each of these equations the first term arises from

rigid rotation and the second term is produced by the excitation of the collective

modes. Obviously, similar equations hold for the spin components of fragment two.
Angular-momentum conservation imposes the following constraints:

I, = /I*—K?*sinQt = R, + R, +1,+ Iy, +1y,)sin Q, (4a)
o o)
I,=K=R,,+R K K, 4b
y R Sy S Y Sy (40)
I, = /I*~K?cosQt = R, +R,,+1,+ (I, +I,)cos Q. (4¢)
As the second of these equations clearly shows, R,, = —R,,. Using eqgs. (2), (3a-c)
and (4a-c) it is straightforward to show that
ip g 11 _RLARL | RLARL
29, 29, 24,
(R, +R2x)2+(Rlz+R22)2 L, , i+ F o,
X + K+ R;, 5
+ 24, 25,4 52071 27 .5, ©.

where R, = R,,. The above quadratic form can be written as AE = }R'TR where
R' = (Ryy, Ry, K, R,, Ry, Ry;) and T is the kinetic energy tensor. Now T is block
diagonal and thus AE can be written as

Lty [R

AE = %(Rm sz)
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.
2
. -r 0 K
I +5,) (
+ 3K, R,)
1 1
0 —+— | | R,
5, + 7, ’
1 Ll 1 R
£ 4, 5, 'z
+%(R12’R2::)
1 1 L R ©)
g, 7, S, %

Since the second block is diagonal, we have already found two of the six normal
modes. The first corresponds to a tilting of the disintegration axis which produces
rigid rotation of the fragments about the symmetry axis. The second mode is a
twisting mode in which the fragments bear equal but oppositely directed spins. These
modes are exactly the same as those found in the mass-symmetric case. Rather than
using K and R,, it proves convenient (see below) to define the normal coordinates

{n and {ny, where
¥
(n=K [— = .
LN S (Ta)
S+
(rw = R, [FA—72.
W A, (7b)

For tilting, the fragment spin components of the eigenvector are

A 7
-y, |7 =4, [-——I
LRGN A r S L L N AT (8a)
g, 7,
ditw = g4, dytw = m (8b)

Since the remaining two blocks in eq. (6) are identical, there are two doubly
degenerate modes left to be found. The diagonalization process leads to the secular

equation
: + ! A L + : A 1 =0 ©
S, I NI, S, S )

for twisting,
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which yields the eigenvalues

PRUEEY CLU Sy VR S Y 10
S 1 WA RSN A iy IR W ) b (10)

where « = W corresponds to the plus sign and « = B corresponds to the minus
sign. The ratio of the components of the eigenvectors is given by

ay, 1 1 £, 2.\
=Ibym— ——| = — + /1 , I
Gas r<A1 7 jr> S T 1 (2’]*> (11)

where 1/#* = 1/#,—1/4,. Note that if the plus sign is taken, the ratio is always
positive, indicating that the mode is symmetric. On the other hand, the minus sign
corresponds to an antisymmetric mode. The identification of these modes with
wriggling-like and bending-like motions is evident. Thus we designate these normal
coordinates as {w,, {wz Cpx and (g,

The above equation specifies only the ratio of the components of the eigenvectors.
The normalization is most conveniently fixed by requiring that the eigenvectors be
orthogonal in the vector space in which T is the metric tensor. This requirement
leads to

7, )
— . ~ 0
fem 1[ﬂfﬂ',(fz+f,)ﬁf+(fl+,¢,—2.¢1.¢,A1).;T] (12a)
and
7, s
= ~ A . 12b
A, = 5 [,ﬂ%f,(fl+J,)A.f+(,772+Jr—2,]2,]r,~1)jT:| (12b)

In eq. (12a) the plus sign is to be taken for the wriggling mode whereas the minus
sign is to be taken for bending. With this choice of normalization (which is con-
sistent with that used for tilting and twisting), the kinetic energy takes on a very
simple form:

AE = 3Ce+ G+ i+ GwH l + 08 = 3280 (13)

Thus from the point of view of energetics, all the normal modes are placed on an
equal footing.

In figs. 2a en b the fragment spin components of the various eigenvectors express-
ed in units of \/} o the square root of the moment of inertia of the compound system,
are plotted as a function of the mass fraction of fragment one, U; = A,/41. At
symmetry the two fragments carry equal spins for each of the normal modes as
expected. Note that the twisting and bending modes have equal spins at symmetry
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Fig. 2a. The spin components of fragment one
for the various normal modes plotted as a func-
tion of the mass fraction for fragment one, U,.
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Fig. 2b. The spin components of fragment two
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Fig. 3. Schematic illustrating the angular momentum invested in orbital motion and intrinsic fragment
spin for each of the normal modes. An asymmetry U, = 0.7 is assumed.



320 R. P. Schmitt, A. J. Pacheco | Spin-depolarizing modes

2

indicating degeneracies. However, except for twisting the two fragments do not
carry equal spins for asymmetric configurations. For the bending-like mode the
heavy fragment (fragment one) bears most of the spin. On the other hand, in the case of
wriggling the light fragment carries the bulk of the spin. The bending and wriggling
modes are complementary in the sense that

Giw _

drw ayg’
as is easily shown using eq. (11). As a further illustration, fig. 3 shows the relative
amounts of angular momentum in orbital motion and in intrinsic rotation for the
various normal modes. The radii of the fragments correspond to U, = 0.7 under the
assumption that Roc U3, For simplicity zero total spin is assumed for all modes
except for tilting.

Because of our normalization, the magnitudes of the components of the eigen-
vectors reflect the fragment spins which result from a fixed energy investment in
each of the normal modes. Consequently, the values of the components gives an
indication of the importance of the various modes at thermal equilibrium. It is ap-
parent from figs. 2a and b that all of the modes except tilting are suppressed at extreme
asymmetries. The suppression of the twisting mode reflects the fact that it is energeti-
cally costly to impart spin to the light fragment. On the other hand, the demise of the
bending mode results from an increase in the angular momentum associated with
the orbital motion which becomes stiffer at large asymmetries (4, —0 as U—1).
Finally, both of these effects contribute to the rapid suppression of the wriggling
mode. The tilting mode is exceptional because the heavy fragment bears essentially
all of the spin at large asymmetries and because there is no orbital angular momentum
associated with it. Now let us turn to the statistical mechanical aspects of the problem.

3. Partition functions and averages

Using the normal modes found in the last section, one can write the classical
partition function in the simple form

Zx f dlws- - j dlgexpi— (Coxt-. {8270 =[] f die " = 1] Z, (14)

o

where 7 is the temperature. For wriggling, bending, and twisting — o0 < {, £ +00;
thus

+
Z, = f de e % = /2n. (15)

o

The excitation of the tilting mode is limited by the total angular momentum of the
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system; i.e. —I/(a;mi+azm) £C 1 £ If(ay1i+azmy). In this case

1 ¥
Zo = /2ntef{ ———— =,/27t‘cerf<1 ————'——) (16)
b <\/ 2T(a1n+azn)> 2tI1(F+.5,)

Equipped with these partion functions, it is straightforward to calculate various
expectation values. First of all,

1 o
Ly = A J diie =0 (17)

holds for all of the modes. Similarly, it is easy to see that ({,{,> = 0 fora # f. This
last result is, of course, expected since the normal modes are independent. For
bending, wriggling, and twisting,

1 + oo 2 .
(= Z~J dg e 7 = 1. (18)
For tilting,
[ 2 xe ¥
2y e Nm [ x V| "
N2 erf( )
21
where

S
x =I/laiy+a =1 [—
/ 1TI ZTI) .]T(fl-{—_fz)

4. Wriggling and bending

Let us now calculate the various moments of the fragment spin distributions for
the wriggling and bending modes. Because of the double degeneracy, the bending
and wriggling modes produce angular momenta which are randomly oriented in
the xz plane.To be more specific, let us focus our attention on fragment one. The
excitation of one of these doubly degenerate modes will produce the spin components
R, and R,,. For the specific case of wriggling,

2 -
Rlx = d1wxbwx Rlz = Aywzbwz-

If we change to the variables {* = (},+ (%, and 6 = tan™({y,/Cw,), the spin
of fragment one is

S, = /RE+1Z,+2R I, cosh,
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where R? = R}, + RZ,. The partition function is

@ 2n
I det J dfe %127 = e,
0 0

Thus the average spin of fragment one is

Sy = mf d¢e —ij d0./R?+ 1%, + 2R, I, cos®.

As has been shown previously ''), the integral over # in the above equation can be
accurately approximated by Iy, + R}/4ly, for R, < Iy, and by R, +I;2/4R, for
R, > I,. Thus

o

1 (Irvarw o 1 e 2
(S1> *‘*;j dige 4'2f(1m+R%/41m)+;L dile™ " (R, +13,/4Ry)

0 Ri/a1w

1, alwr _ (atyt N Iy exp | — 771,22{l
"o 2\, T2 2a3

2m<alw+ I, >erfc<L> (20)
2 87d;w dywa/ 2T . )

At symmetry aly, = #.%,/2(¥,+24,). Substitution of this expression into eq. (20)
yields the same value of (S, obtained for the symmetric case ''). In the limit of
large I, eq. (20) yields

alwt

S = Ig + T (21)
The calculation of {S?) is somewhat easier:
(8% =(R}+I§; +2R Iz cos0)
- ﬁ Lwdcg f:"d(ﬂkfﬂﬁl+2R11,“cos9)e‘wr
= I3, +2taly, (22)

Using egs. (20) and (22) one can readily calculate the sigma of the spin distribution
for fragment one, g,. For large I,

02w x alyt. (23)

For measurements which are not sensitive the spin distributions of the individual
fragments (e.g. y-ray multiplicity experiments), it is more appropriate to consider
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the total fragement spin S;. The quantity {S1> = {|S,;|> +{|S,|> is obviously easy
to calculate using eq. (20). However, the calculation of oy is a bit mor involved
because

o3 =S 1+18:D)%> =S, | +1S,1>?
= 07w+ 03w +2cov(S,.S,)
= G%w+‘7§w+2(<S1$2>“<51><S2>)- (24)

It is not so simple to evaluate the covariance terms with the same approximation
technique utilized in deriving eq. (20). Hence let us make the more extreme approxi-
mation that Iz, and I, are large compared to R; and R,, respectively. In this case
one can use eq. (21) to obtain the result

(S1¢Sy) ~ (IR1 + 2}:t><lm+ %) (25)
To second order in R//g,
(8,8;) ~ Iy Igs+ ; 2 a2yt + ;RZ AAwT+d Wi T (26)
Combining egs. (25) and (26) one obtains
cOV(Sy, S3) = aywdawT — “ETVIV:'I%‘::Z X @ wlywt. (27)

At first glance it might appear that the usefulness of the above equation is very
limited because of the restriction R < I,. This condition is obviously not satisfied
at large asymmetries because I —0 for the light fragment. However, as the asymmetry
increases, the importance of the covariance term diminishes, and. although the
assumption R < I is not justified, eq. (27) can still be used without introducing ‘any
appreciable error.

If one also uses the expression for g,y and o, for [ > R, one obtains the very
simple result

o = (ayw+aw)t. (28)

At symmetry this equation yields

as obtained previously ')
In the preceeding paragraphs the discussion has concentrated on the wriggling
modes. The treatment of the degenerate bending modes is formally identical. The

only modifications that need to be made are the replacement of a,y, with |a, 5| and a,y,
with a,.
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5. Tilting and twisting modes

For the tilting mode the spin of fragment one is

4. \? F2K? K
S — 1 IZ_KZ 1
‘ [(ﬂ) =K+ G

1 3 £ \? 2 *
=Ly | 1+ —5-{aim — (aym+an)’ ||
I}y )’[T

1 7\
SO I+ =—— 2—;1>( + 2> 25, 29
(S R1 2y, (alTl (sny ayp+ayr)? ) (29)

To second order

where ({%,) can be obtained from eq. (19). For large Iy,, <{}> =~ t. In this limit

FUI +2UI, +.5,))
2, I I+ F5)

S = I+ 2 (30)

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

obtains
2 I\ 2\ /92
(SHy = I, (alTI_' (?) (aim+axm) ><CTI>
T

ff(fr+2(f1+fz))r
I I+ Iy

~ 12, + (31)
where the approximate form corresponds to the high-spin limit. As noted for the
symmetric case, the fluctuations in the spin produced by tilting are small. In fact,
o2 = 0 to second order.

Lastly, let us consider the twisting mode. For fragment one

1 e 1. - Cw/2t
Sy = ~j derwlIZ, +adrwlw Tt 52 (32)

V21T J -

A good approximation to this integral can be obtained by expanding the radical in
powers of @, rw/Ix; for {yw < Iy, /a;w and in powers of Iy, /a,rw for {rw > Igy/ayrw-
Some care must be taken in this procedure. To second order,

(S = <I lTWT) erf< Iy, ) + dirw \/Ze—lm/hnrwf
1/~ Rl
21R1 alTw\/

2
IRl < 12R1 >’ (33)
2011w« /2nt 2ai1wT
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where E,(x) is the exponential integral

E(x)= f der e,

X

In the limit of small Ig,,
2t 2t 4 .¥,
(S =~ ajrw . I, +5,) (34)

2
airwl

21y,

whereas for large Iy,

S = Iy +

S5,

=l +-—1"2 4
KL 21 (S +-75)

(35)

One can readily show that

SH

2 2
I +ajrwt

I Iy
I+,

12, + 1. (36)
The sigma of the spin distribution for fragment one can be obtained from egs. (33)
and (36). For large spin 63 = 0, while for small I,

2
Titw X ajrwt <1 - n)- (37)

Near symmetry the fluctuation in the total spin distribution due to twisting, oy,
is small. For fairly asymmetric mass splits 6%, X 631w, Where we have assumed
that fragment 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 number of
aspects of heavy-ion collisions. As examples, we shall consider the effects of the
collective modes on the spin distribution of the fragments and on the angular distribu-
tions of sequential fission fragments for a typical heavy-ion reaction. We have chosen
the reaction °7 Au+ 600 MeV 8°Kr because it is a well-studied case 2+ 12) and because
it was also used in the comparison with the symmetric sphere model '?).

The average orbital angular momentum in the '*7 Au + 8¢Kr system is about 190.
The corresponding temperature for this /-wave is estimated to be 1.78 MeV. In the
interest of simplicity, we shall assume that both of these quantities are independent
of asymmetry. In reality, the angular momentum is expected to be fractionated
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along the mass asymmetry coordinate even at equilibrium '!-'2?), The temperature
will also vary with asymmetry.

The first point to be considered is the correction to the fragment spins due to the
statistical excitation of collective modes. Using egs. (8) and (12) the spin components
of the various normal modes are readily calculated. The spins arising from wriggling,
bending, tilting and twisting are then calculated using eqgs. (20), (29) and (33). The
sum of the fragment spins divided by the total spin arising from rigid rotation is
plotted in fig. 4. Even ior this rather high /-wave, the correction to the fragment
spins approaches 20 % for nearly symmetric exit channels. However, as the asymmetry
increases, the correction decreases rather rapidly (note that the entrance channel
corresponds to U; = 0.7). This trend is easily understood; the excitation of 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 modes using eq. (28). In fig. 5 the ratio of these
quantities to the total fragment spin is plotted as a function of the mass asymmetry.
The ratio o4/{ S is also given (tilting and twisting have been neglected in g since
these modes yield relatively small contributions). Once again one observes that
the influence of the collective modes is strongest near symmetry. In this region
the dispersion is > 30 %. As the asymmetry is increased, however, the relative
width of the spin distribution decreases. This effect is particularly strong for the
wriggling mode because the light fragment bears most of the spin (see figs. 2a and b).

120 T T T T
LS - -
Lo -
~
w ~
(%]
X
5
1.05(— 1
1.00 1 1 { 1
5 6 7 8 9 1.0

y,

Fig. 4. The ratio of the average total fragment Fig. 5. The ratio of the sigma of the spin distri-

spin to the spin arising from rigid rotation as a
function of the mass fraction for fragment one
for the '°’Au+%6Kr reaction (see text).

bution to the average spin for wriggling, bending,
and wriggling plus bending as a function of the
U, for the '*? Au+ 8%Kr reaction (see text).
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The effect is less pronounced for bending since the heavy fragment carries most of the
angular momentum.

The large dispersion in the spin distributions of the fragments can partially explain
the large widths observed in y-ray multiplicity distributions **). However, extreme
caution should be exercised since the excitation of collective modes is certainly
not the only source of dispersion. The contribution from the width of the orbital
angular-momentum distribution must also be properly included taking angular
momentum fractionation effects into account !!12).

As a final example we shall consider the effect of the various collective modes on
the spin alignment in deep-inelastic reactions. Since the problem of the angular
distributions of light particles, fission fragments, and y-rays has recently been dealt
with quite extensively !*'!%), we shall confine ourselves to a simple and schematic
example which illustrates the application of the current model. In particular, let
us consider the in-plane and out-of-plane angular distributions of sequential fission
fragments from the !°7Au+ 86Kr reaction for [ = 190A.

If the distribution governing the orientation of the spin of the fissioning nucleus
(fragment one) is of the form

n (=)
the angular distribution of the fission fragments is given by 8)
1
me, ¢) ocwexp {—3[1.cos0/S(8, )]*}, (39)
where
5%(0,¢) = K¢+ (o2cos’¢ +oZsin’¢)sin® 0+ a2 cos? 6. (40)
The sigmas in the above equations are given by
I (I,+F
o2 = o = aiehy +aicihy = L), (41a)
< T
I+ 5,
0} = @Gy + iy v T (41)

£

T

The approximate form given in eq. (41b) corresponds to the high-spin limit in which
({3 = 7.In other situations, eq. (19) must be used for (¢3>.

Using eq. (41) we find 6, = o, = 134 and ¢, = 184 for the entrance channel
asymmetry (U = 0.7). Assuming K, = 104 and I, = 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 anisotropy; a shallow minimum occurs along
the line of centers. The angular distributions are rather sensitive to the exit-channel
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Fig. 6. Calculated out-of-plane and in-plane angular distributions of sequential fission fragments for the
197 Au 4 600 MeV 8°Kr reaction for U = 0.7 (the entrance channel) and U = 0.9. Note that the line of
centers is situated at 0 = 90° and ¢ = 90°.

asymmetry. As an illustration we have performed a similar calculation for U = 0.9
(see dashed curves in fig. 6). For this larger asymmetry, the out-of-plane distribution
broadens due to the increased tilting of the decay axis of the projectile and target
nuclei. At the same time, the predominant spin fluctuations about the decay axis
give rise to an appreciable in-plane anisotropy.

At the current time, the experimental situation regarding the in-plane angular
distributions is unclear. Measurements on the systems *®Ni and °°Zr +2°®Pb and
2381J indicate essentially isotropic distributions #). On the other hand, studies of the
reaction 2°°Bi+8°Kr, '°7 Au+ 2°Ne, and 23®U + 2°Ne do show in-plane anisotropies
with a maximum along the expected recoil direction of the target-like fragment 3 1¢).
In these cases, the anisotropies become more pronounced as the exit-channel asym-
metry increases in qualitative agreement with the present model. However, the
quantitative comparison of the experimental data with the model prediction is not
straightforward. In the model, the relevant direction is that of the line of centers
at the time of scission when the interaction between the fragments ceases and the
instantaneous partition of the total angular momentum is fixed in the system. Because
this direction generally does not coincide with the recoil direction or any other
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experimentally determined direction, it is difficult to pass judgement on the statistical
model at this time.

7. Summary

In conclusion, we have described a simple, two-sphere model for the statistical
excitation of various collective modes in heavy-ion reactions. It has been found that
the angular momentum carried by these modes is strongly dependent on the mass
asymmetry of the system. In particular, all of the modes except tilting tend to be
suppressed at large asymmetries. Analytic expressions for the first and second moments
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 work was supported by the US Department of Energy under contract DE-
AS05-80ER01565.
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