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A study has been made of the energy, angular, and charge distribution of products emitted in the reaction of 166-
MeV ' Ne ions with "Cu. The first three moments of the y-ray multiplicity distribution and the out-of-plane y-
ray angular correlations have been measured in coincidence with the projectile-like fragments. Relaxation times of
2.6 X 10 " s for energy dissipation, 4.1 &( 10 " s for angular momentum .transfer, and a charge diffusion
coefficient of 0.58 X 10"(charge units)' s ' have been deduced from these data. A small y-ray anisotropy and a
large width of the multiplicity distribution have been observed. These are interpreted in terms of a random
component of transferred angular momentum whose magnitude is comparable to that of the aligned component
induced by tangential friction. Thermal excitation of collective modes of motion in the equilibrated dinuclear
complex can account quantitatively for these experimental results. Other mechanisms for the generation of a
random component of angular momentum are also possible.

NUCLEAR REACTIONS @Cu( Ne, X), X=deeply inelastic fragments, evapora-
tion residues, E=166 MeV, enriched target; measured cr(E, 8, g), p-ray multi-
plicity, angular correlations; deduced re].axation times, diffusion coefficients,
random angular momentum. @Cu( C,X), X= evaporation residues, E= 133

MeV, measured p-ray multiplicity.

I. INTRODUCTION

The study of strongly damped collisions for a
variety of systems has led to the concept of a
short-lived, rotating dinuclear complex which,
after a large damping of the initial kinetic energy
of relative motion, separates into projectile-like
and target-like fragments. " Recent experiments
show that the fragments share, according to their
relative masses, an excitation energy determined
by the degree of damping of the initial relative
motion. ' '

Until recently, experimental information was
obtained mainly from measurements of the kinetic
energy, mass, charge, and differential cross
section of the final reaction products. From these
measurements, it has been established that energy.
damping and mass exchange increase with the
amount of rotation (or lifetime) of the dinuclear
complex. These aspects of strongly damped
collisions are relatively well explained by classi-
cal equations of motion including dissipative terms
and a diffusion process based on the Fokker-
Planck equation. ' "

However, the preceding types of experiments
and classical analyses address only indirectly the
nature of the frictional forces which convert
kinetic energy of relative motion into internal ex-

citation energy. Measurements of the energy loss
alone are sensitive mainly to the radial component
of the friction force. On the other hand, measure-
ments of the angular momentum imparted to the
final fragments probe more directly the role
played by tangential friction during the collision.
Such measurements cgn determine whether this
frictional force is sufficient to lead to the forma-
tion of rigid body within the collision time or
whether the surfaces of the colliding nuclei retain
some relative motion at the time of scission. This,
in turn, may furnish some clue to the one- or two-
body nature of these forces. Furthermore, a
knowledge not only of the magnitude, but also of the
distribution and alignment of the transferred angu-
lar momentum can provide a more stringent test
of different models proposed for angular momentum
dissipation in deeply inelastic scattering.

It has been found experimentally that the amount
of angular momentum transferred to the fragments
in completely relaxed collisions is approximately
consistent with the formation of a rigid intermedi-
ate dinuclear complex (termed 'the sticking
limit" )." " However, the surprisingly large
values measured for the width o& of the y-ray
multiplicity distribution, ' ' the values of the out-
of-plane total y-ray anisotropy A (Refs. 14, 18,
22 —26) as well as results of the y-ray polarization
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measurements, ""suggest that the alignment of
theangular momenta of the fragments may be less
than that given by the classical picture of rigid
rotation. There are, however, several other ef-
fects which might be responsible for the experi-
mental observations. The most Obvious is the
emission of light particles (P, n, o. ) by the excited
fragments. Although this effect can be an impor-
tant contribution to the misalignment deduced from
an analysis of the subsequent y-ray emission, we
will see that it is not sufficient to explain the
present experimental data. It has been shown re-
cently that statistical fluctuations in the magnitude
of the angular momentum transferred during deep
inelastic collisions can be significant. " However,
calculations including this effect still underesti-
mate the measured y-ray multiplicity widths by
more than a factor od 2.""Clearly, some other
mechanisms must be invoked to interpret the
experimental data. It has been suggested, "' by
analogy to fission, that collective modes such as
twisting, bending, and/or wriggling could be ex-
cited in deep inelastic collisions, thereby inducing
extra components of angular momentum with a
nearly random orientation. In general, there are
several possible mechanisms in addition to those
just mentioned which could introduce a nonaligned
or randomly oriented transferred angular momen-
um 31~s2

In order to gain additional information on the
mechanisms for angular momentum transfer and,
hopefully, to understand the origin of the above
discrepancies between experiment and theory, we
have undertaken an extensive study of one reaction,
166 Me7 ' Ne+' Cu. Measurements have been
made of the energy, charge, and angular distribu-
tion of the projectile-like fragments produced in
this reaction. In addition, the angular correlations
and the first three moments of the multiplicity
distribution of y rays emitted in coincidence with
the above products and with evaporation residues
were determined. (A study of the emission of
protons and n particles in coincidence with the
deep inelastic products was also undertaken and
will be reported separately. ) The experimental
results are presented in Sec. III and discussed in
Sec. IV. A summary is given in Sec. V. The main
conclusion of our study is that a relatively large
component of a randomly oriented angular momen-
tum is imparted to the primary fragments. A
brief account of this work has appeared previously. "

II. EXPERIMENTAL PROCEDURE

A beam of 167.8-MeV ' Ne ions provided by the
Oak Ridge Isochronous Cyclotron was used to
bombard 1-mg/cm'-thick targets of "Cu enriched .

TABLE I. Experimental arrangement of the detectors.
The angles 0 and Q are defined in a spherical polar co-
ordinate system with its polar axis (0=0) along the beam
direction and its origin at the center of the target. The
azimuthal angle P is taken to be zero in the half plane
defined by the beam and the heavy ion telescope number
1 (HI-1). The angle e is the polar angle relative to the
perpendicular to the reaction plane.

Detector (deg) (deg) (deg)

HI-1
HI-2
NaI-1
NaI-2
Nai-3
NaI-4
NaI-5
NaI-6
NaI-7
NaI-8
NaI-9

10-30
30-60

125
145
45
69.3

110.7
135
110.7
69.3
90

0
180

0
180

90
49.1
49.1
90

130.9
130.9

90

90
90
90
90
45
45
45
45
45
45

0

to 99%. The effective energy of the beam at the
center of the target was 166 Me7.

Great care was exercised to determine and
verify the possible presence of light contaminants
such as carbon and oxygen on the target. To
minimize hydrocarbons, the reaction chamber was
thoroughly cleaned with acetone and the vacuum was
maintained below 10 ' Torr with a cryogenic pump.
The s catter ing chamber was isolated from the
beam line by a trap cooled with liquid nitrogen.
All seals used low vapor pressure 0 rings. Be-
fore being inserted into the chamber each target,
consisting of a strip of "Cu, 5 cm long and 1.5
cm wide, was reduced by prolonged heating in a
hydrogen atmosphere. Furthermore, during a
run the target was periodically displaced in 6 mm
steps such that a given spot on the target was bom-
barded for only a short time. As a check for the
presence of light contaminants, each run was re-
peated with a carbon target.

An array of 9 Nal(TI) detectors (5.1 cm x7.6

cm) was operated in coincidence with two heavy-
ion telescopes, each consisting of a hE gas ioniza-
tion chamber and a 1500-p, m surface barrier E
detector. Table I gives the geometrical arrange-
ment of the detectors. The counter telescopes
were coplanar with, and located on opposite sides
of, the beam. One was used to cover the angular
range between 10 and 30 and subtended a solid
angle of 3 msr. The other one was used to cover
the angular range between 30' and 60' and sub-
tended a solid angle of 9 msr. The counting rates
in both detectors were kept approximately equal by
an appropriate choice of their. relative position.

The NaI detectors were individually shielded and
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their front faces were located 10 cm from the
target. In order to attenuate the x rays from the
target and the lead shield surrounding the detec-
tors, their thresholds were set at 85 keg, and
0.5 mm Cd and 0.13 mm Cu absorbers were placed
in front of each detector. These absorbers also
made the total detection efficiency less dependent
upon the y-ray energy. The detectors were cali-
brated in situ with standard sources of "'Cd,
"Co, ' 'Ba, ' 'Cs, and "Co. The average detection
efficiency per detector was found to be 0.00465,
0.00945, 0.0112, 0.00933, and 0.00849 at 88, 124,
176, 662, and 1253 keV, respectively. Above 500
keg, the detection efficiency remained practically
constant. Crystal-to-crystal scattering was
checked with "'Cs and "Mn sources and found to
be negligible. In a separate measurement" using
a similar geometrical configuration, the detection
efficiency of the NaI detectors for neutrons was
found to be "14% of the detection efficiency for
700 keV y rays. As the average number of neu-
trons emitted in the present reaction was not
known, a separate measurement of the relative
yields for neutrons and y rays in the NaI detectors
was made using the time-of-flight method with one
of the NaI detectors placed one meter from the
target at L9 =45' in the reaction plane. Since 45
was the most forward angle at which any of the
NaI detectors was located, this measurement en-
abled the determination of an upper limit on the
effects of neutron detection for a measurement of
the y-ray multiplicity.

Coincidences between the heavy-ion telescopes
and the individual NaI detectors were established
by the overlap coincidence technique. Because of
the different arrival times in the telescopes of
ions with different mass and energy, a rather long
resolving time, 2~ =100 ns, was used.

Depending on whether 0, 1, 2, 3, or 4 or more
NaI detectors recorded y rays in coincidence with

one or the other of the heavy-ion telescopes, the
digitized hF and E+hE signals were stored on

line in one of two sets of five 300 x 300 channel
arrays. Simultaneously, the linear signals from
4 of the 9 NaI detectors were recorded event-by-
event on magnetic tape. Two of these detectors
(NaI-1 and NaI-2 of Table I) were located in the
reaction plane. The other two detectors (Nal-5
and Nai-9 of Table I) defined a vertical plane
oriented at 120' from the beam direction. Mea-
surements were done with the telescopes located
at 20', 26', 35', and 45' and projectile-like pro-
ducts with 3 & g ~ 16 were identified at each angle.
Special measurements were made of the y-ray
multiplicity distr ibutions for the evaporation
residues. Since the evaporation residues emerge
with relatively low energy, the gas pressure in

the ionization chambers was decreased by a factor
of 2. Measurements were done at 10', 15', 20,
and 28'. The yield of events from a pulser (trig-
gered by the beam integrator) in the different AR-
E spectra was used to correct for random events.
The corrections for randoms were generally small
(&2%) and never exceeded 10%.

III. EXPERIMENTAL RESULTS

A. Charged particle results

1. Cross sections and limiting angular momenta

From a study of the reaction "Ne +Ni at 169 MeV,
Obenshain et al."have determined a total reaction
cross section oz =(2010+80) mb. Neglecting the
slight differences in target and bombarding energy,
we have adopted the same reaction cross section
for the "Ne+"Cu reaction. From this value we

deduce a grazing angle 0„„=18'(9, =23.7') and a
grazing angular momentum I =(76+ 1) 5.

In a separate measurement, we have obtained
for the evaporation residues a cross section
oE„=(1276+80) mb, in good agreement with the
value (1236+ 50) mb obtained by Obenshain et aL34

for the reaction "Ne+Ni. It should be noted that
this cross section does not necessarily represent
the total fusion cross section as it excludes a
possible contribution from fission. In the present
experiment, such fission products cannot be dis-
tinguished from deep inelastic products producing
a nearly symmetric mass split. However, from
the liquid-drop fission competition model, ' one
expects such a contribution from equilibrium fis-
sion to be small. A critical-distance calculation"
predicts a fusion cross section 0,„,=1270 mb, in

excellent agreement with our measurement of OE„.
Consequently, we have neglected the possibility of
fission and have equated the fusion cross section
with the evaporation residue cross section. Using
the sharp cutoff approximation, we deduce a criti-
cal angular momentum for fusion /„=(60+ 1) k.

The difference (734+ 120 mb) between o„and o «
is attributed to deeply inelastic and quasielastic
reactions which should be approximately localized
in a. band of incident partial waves between l„and
lg, .

2. Energy, charge, and angular distributions of the
projectile-like fragments

Singles energy spectra were obtained for the
projectile-like products with 3 ~ Z ~ 16 by adding
coincidence spectra of all foigs. Each spectrum
was corrected for pulse height defects using the
method proposed by Kaufman et al."and was also
corrected for energy loss in the target and in the
windows of the heavy-ion telescope. The stopping
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powers of Northcliffe and Schilling" were used.
As we have limited ourselves to measurements

near and beyond the grazing angle, it was possible
to decompose the energy spectra in an unambiguous
way into a quasielastic component and a deeply
inelastic component. This is illustrated in Fig. 1
which shows a spectrum of Ne ions at 8» =26'.
The most probable laboratory energy (E) and the
full width at half maximum of the deep inelastic
component are indicated. The energy width 8'
shows a strong dependence upon the scattering
angle and on the Z of the fragment, as indicated
in Fig. 2(a). However, the ratio W/(E) is remark-
ably independent of angle. [Fig. 2(b)] and decreases
with Z from -0.68 for Z=3 to -0.45 for g=l0,
where it reaches a constant value. The constancy
for a given reaction product of this ratio is indica-
tive of a strong correlation between energy loss
and energy spread.

Figure 3(a) shows the mean reaction Q value vs
the atomic number of the light product for differ-
ent scattering angles. As expected, the deep in-
elastic component shows an energy damping which
increases with scattering angle and mass trans-
fer between projectile and target. The Q values
shown in Fig. 3(a) were obtained on the assumption
that the final state has only two bodies and that
the mass A, of the detected product with a given Z
corresponds to the isotope closest to the line of P
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FIG. I. Energy spectrum of Ne ions produced in the
reaction of 166 MeV Ne with Cu. The scattering angle
is 26'. A quasielastic component (E&& 120 MeV) and a
deep inelastic component are evident. The quantities
(E) and W are the most probable energy and the full
width at half maximum for the deep inelastic component.

stability. This simple approach overestimates the
amount of kinetic energy lost in the collision
through its neglect of particle emission of the ex-
cited fragments. We have made a correction for
this effect by using an iterative procedure with
the following hypotheses. (i) The primary frag-
ments in the two-body reaction share an amount of
excitation energy proportional to their masses and
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FIG. 2. (a) Energy width of the deep inelastic component as a function of the projectile-like fragment Z, for different
scattering angles. (b) Ratio between the energy width and the most probable lab energy of the projectile-like fragment
as a function of the scattering angle. The quantities W and (E) are defined in Fig. 1. The lines through the data points
are to guide the eye.
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I I I I I I where A, is the mass of the detected fragment and
A is the total mass of the composite system. A
first estimate of the angular momentum (j,) was
deduced from the total angular momentum ( J)
transferred during the collision through the equa-
tion
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where (P was obtained from our y-ray multi-
plicity measurements. Assuming spherical shapes
for the fragments, the moments of inertia are
given by 8& = ,r, 'A—&'~' (i =1 or 2) with r, = 1.4 fm.
This information was then used in the Monte Carlo
statistical-model code JULIAN" to determine the
average evaporated mass hA, Neglecting recoil
effects, the energy of the primary projectile-like
fragment, (E,*~), was expressed as

(3)
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an amount of angular momentum proportional to
their moments of inertia. (ii) The neutron-to-
proton ratio of the primary fragments is equal to
the ratio 8 N/Z of the composite system.
(iii) The light particles are emitted from equilib-
rated fragments. These hypotheses are generally
consistent with available exper imental data, al-
though there is evidence for some preequilibrium
emission of light particles. "

The calculation of the mass AA, evaporated by
the projectile-like fragment begins with a first
estimate of its average excitation energy (EP~) and
angular momentum ( J,). The excitation energy
(Ep~) was deduced from the Q values of Fig. 3(a)
through the equation

&"' = ~'(Q)

FIG. 3. (a) Reaction Q values determined directly from
the measured kinetic energy of the detected fragment with
the assumption of two-body kinematics vs the measured
Z. (b) Reaction Q values obtained after correcting for
particle evaporation {see text) vs the average atomic
number Z* of the primary projectile-like fragments. The
curves in (a) and (b) correspond to the Q values expected
for two spherical fragments emerging from the collision
with a Coulomb repulsion energy given by a radius pa-
rameter &0=1 5 fm.

where (Z,~) is the average energy of the detected
fragment. The energy E,*z and the mass Ay+6Qy
were then used in a two-body kinematic calculation
to determine a new reaction Q value. At this
point, the iterative process was repeated, starting
from Eq. (1) with the new mass and Q value.
Three iterations were generally sufficient to reach
convergence. It was found that the average number
of nucleons evaporated by the projectile-like frag-
ments increases from -1.5 for carbon to -3.5 for
sulfur and depends slightly upon the scattering
angle. For fragments lighter than carbon, the
particle evaporation correction becomes quite
uncertain and its effect is probably underestima-
ted.

From the calculated average evaporated mass
6Ay and the mas s Ay of the dete cte d frag me nt, we
define an effective atomic number Z* for the
primary fragment through the equation

A, +LA,
&+1

The primary Q value (Q*) obtained after correction
for light-particIe emission, is shown in Fig. 3(b)
as a function of the effective atomic number Z* of
the primary fragments. The consequences of par-
ticle emission can be readily seen form a compari-
son of Figs. 3(a) and 3(b).

The center-of-mass differential cross sections
(dv/d6), , integrated over particle energy for
laboratory products with 3 & Z» 16, are shown in
Fig. 4 for the deeply inelastic component. The
effects of light-particle emission have been taken
into account in transforming to the center-of-mass
system. The forward peaking of the angular dis-
tributions for products with Z near that of the pro-
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FIG. 5. Z distributions of the observed projectile-like
fragments from deeply inelastic collisions. Note the odd-
even effect which increases with scattering angle.

jectile is typical of systems for which the modified
Sommerfeld parameter44 rf' = Z~Z, e'/hv' is small;
in our case, g'-20. g~ and g, are the atomic num-
bers of the projectile and the target, respectively,
and v is the relative velocity at the interaction
barrier. The differential cross sections for pro-
ducts with &~ 13 are essentially flat and thus they
are indistinguishable from cross sections for fis-
sion of an equilibrated compound nucleus.

The charge distributions of the detected projec-
tile-like fragments, integrated over energy, are
displayed in Fig. 5 for different laboratory scat-
tering angles. These distributions clearly show
odd-even effects which become more pronounced
at more backward scattering angles. Such an
effect has been noticed previously. """We at-
tribute this to light-particle emission from the ex-
cited fragments rather than to the primary reac-
tion mechanism, since the particle-emission cor-
rection shows a preferential decay of the primary
fragments toward even-g nuclei.

3; Diffusion-model analysis

Following Norenberg, ' we first decompose the
total differential cross section, summed over all
Z, into positive and negative scattering angles.
This is shown in Fig. 6(a). It has been assumed
that the deeply inelastic component is associated
with negative scattering angles, whereas the quasi-
elastic component corresponds to positive scat-

tering angles. In Fig. 6(b), the average, (Z) and
the variance os' =(Z') —(Z)' of the Z distribution
of the detected fragments are also plotted in terms
of positive and negative scattering angles. The
linear dependence of g~' upon scattering angles is
characteristic of diffusion.

Deep inelastic and quasielastic .reactions are ex-
pected to be limited to a narrow band of incident
partial waves between l„and l~. We may define
an average incident angular momentum (I&) by

2l 3-l
(l,) =— " = 66 5.

3 ls '- le'

In a case in which only a limited number of partial
waves contribute to the reaction, the interaction
time v&, can be simply related to the scattering
angle I9 through the equation

8~ —8
int

where 0~ is the grazing angle and ~ is the angular
velocity of the dinuclear complex formed during
the collision. We determine co assuming rigid
rotation of the dinuclear complex through the equa-
tion

where 8 is the total moment of inertia of the com-
posite system assuming two tangent rigid spheres
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from that of Ref. 47, where v~ is defined as the
relaxation time for the radial part of the kinetic
energy only. A mean experimental energy loss at
each angle may be defined by

(9)

A fit of the experimental energy loss [defined by
Eq. (9)] with Eq. (8) yields a relaxation time ~s
=(0.26+0.04) x10 "s.

Using a.Fokker-Planck equation, with constant
charge transport coefficients, Norenberg et gl."'
obtain a solution of the charge transport equation
which is a Gaussian with mean value

8

(Z*) = Z, + var;„,

and variance

2=Gz + 2Dzz7 jflt

(10}

6—
N

C4~
b

-60 -40 -20 0 40
()e.~ (deg)

FIG. 6. (a) The differential cross section summed over
all reaction products expressed as a function of the c.m.
deflection angle. The deeply inelastic component has
been associ'ated with negative scattering angles and the
quasielastic component with positive angles. (b) Average
(Z) (solid dots) and variance c& (open circles) of the
laboratory Z distributions for positive and negative scat-
tering angles. The lines through the data points are to
guide the eye.

20

where hE, is the energy loss for complete damping
and 7s is an effective relaxation time for energy
dissipation. Dissipation of radial and tangential
kinetic energy, as well as energy deformation due
to change in shape of the dinuclear complex during
the interaction time, contribute to the energy loss
b,K Thus, the present definition of 7„ is different

with a radius parameter r, =1.4 fm. We obtain
(d =1.83 x10" s '. Having thus defined a time scale
for the reaction through Eqs. (6) and (7), it is
possible to deduce relaxation times and mass trans-
port coefficients from the experimental data.

We express the mean energy loss AE, as a
function of the interaction time by

(8)

where g~ is the projectile atomic number and vz
and Dzz are the drift and diffusion coefficients
for charge, respectively. Assuming that the in-
teraction time 7 . , is related to the scattering
angle 8 through Eq. (6), the quantities (Z*) and
crzg' should be linear functions of the scattering
angle 0. Such a linear dependence is verified by
the results shown in Fig. 6(b) and can be used to
determine the charge transport coefficients. [The
slopes of the lines in Fig. 6(b) are not strongly af-
fected by particle evaporation. ] From the slope
of the os' vs 8 curve, we obtain Dss = (0.58
a 0.11)10"(charge units)' s '. This value can be
compared to the prediction of the single-particle
model of Refs. 48 and 4S, which provide analytic
expressions for the mass transport coefficients.
From Ref. 49 (with their notation), the dynamical
set of parameters entering in the calculation of
the single-particle transition matrix elements
relevant to the present case are y =3 MeV (a
fixed parameter}, Aj=3.13 )f [Eq. (4. 52) of Ref.
49], and b, =3.79 MeV [Eq. (4.53) or (4.54) of Ref.
49]. These values, together with a local excitation
energy E*= 57.9 MeV yield D» =2.92 x10" (mass
units)' s ' for the mass diffusion coefficient. As-
suming complete correlation for the transfer of
neutrons and protons, the charge diffusion coef-
ficient is given by Dss =(Z/A}'D» =0.64 x10 "
(charge units)' s ', where Z and A are, respec-
tively, the atomic and mass number of the com-
pound nucleus. This value of Dzz is in good agree-
ment with the experimental value.

It may be seen from the small slope of the curve
(Z) vs 9 in Fig. 6(b) that the drift coefficient Vs is
extremely small and, in fact, cannot be deduced
with precision from our experimental data. This
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FIG. 7. Gamma-ray spectra obtained in coincidence
with (A) evaporation residues at 8&~b=20 and {B)deep
inelastic products with 3~ Z ~16 at e&~=45'. The NaI
detector (NaI-1 in Table I) was located in the reaction
plane at an angle of 125 to the beam. The dashed line
is an extrapolation of the high energy continuum to lower
energies in order to illustrate the enhanced yield of p
rays at energies S2.2 MeV.

small value may be understood from the expression
given in Ref. 48 for the mass drift coefficient.
This coefficient is proportional to the driving
force 8U, (A, )/BA, . At the injection point the po-
tential energy U, (A, ) of the composite system
presents, for l& l„, a broad max'imum, yielding
a very weak driving force toward larger mass
asymmetry.

B. Gamma-ray results

l. Average y-ray enerpes and angular correlations

The y-ray spectra from NaI detectors 1, 2, 5,
and 9 (see Table I) obtained in coincidence with the
heavy-ion telescopes were used to determine the
average y-ray energy and angular distributions as
a function of the charge, energy, and scattering
angle of the fragments.

Typical spectra are shown in Fig. 7 for y rays
in coincidence with (A) evaporation residues de-
tected at 8 ~b = 20' and (B) all fragments with 8 ~

Z ~16 detected at 8» =45'. Note the enhancement
of the yield in the lower energy (s2.2 MeV) portion
of spectrum A. This has been attributed, in the

w(9o') —w(o')
w(o') + w(9o') ' (12)

where W(0') and W(90') are the y yields perpen-
dicular to and in the reaction plane, respectively.
Figure 8 shows that A is weak (F10%). For a
product of a given Z, the anisotropy seems inde-
pendent of scattering angle (it should be noted here

case of heavier nuclei, "to collective stretched E2
enhancement is also apparent in the case of deep
inelastic scattering (spectrum B).

Average y-ray energies were deduced from the
raw spectra by using a slightly modified version
of the unfolding technique used by Mollenauer. "
A set of response matrices consisting of spectra
at energy intervals of 100 keV and extending up to
8 MeV was generated for each detector separately
by interpolation from spectra obtained in a geo-
metrical configuration reproducing as closely as
possible the experimental conditions. Monoener-
getic sources and transitions from the low-lying
excited states in "C and "0populated by inelastic
scattering of n particles were used to generate
the calibration spectra.

It was found that the average y-ray energy, (E&)
=(1.8+ 0.2) MeV, is rather independent of the
scattering angle and of the energy of the detected
projectile-like fragment, at least for energy losses
greater than 35 MeV. There appears to be a slight
dependence of (E&) on Z; the average y-ray energy
is 2.0 MeV for the observed products with Z = 6, 7,
and 8. This slight increase is probably attribut-
able to the high energy y-ray transitions in "C,
"N, and "0, which are seen in the y spectra.

In order to obtain the in-plane, out-of-plane
y-ray angular correlations, the relative efficien-
cies of the NaI detectors were carefully checked
in situ before and after the experiment. The NaI
detectors used for this purpose were chosen for
their near-identical response as a function of
y-ray energy. In order to eliminate possible
effects from scattering on the lead shield, only

y rays above 300 keV were considered. Figure 8
shows the in-plane out-of-plane y-ray angular dis-
tributions obtained for projectile-like fragments
with 3 & Z&14 detected at 26 and at 45'. In order
to eliminate any contribution from the quasielastie
component at 26' for fragments with 7 & Z~11,
only those events corresponding to an energy loss
greater than 40 MeV were included to get the
associated y yields. For other products at 26'
and for all produces at 45', fragments of all
energies could be used. Figure 9 shows the y-ray
angular correlation obtained for evaporation resi-
dues detected at 26 .

The out-of-plane anisotropy 4 is defined here
by
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dence with evaporation residues detected at 8&=20 .
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and the circled integer denotes the number of the NaI
detector as given in Table I. The full curve is the angu-
lar correlation expected for a mixture of 25/~ ~=1 and
75% X=2 stretched transitions.

the out-of-plane angular distributions are given by
1.10 & Al

that only the deeply inelastic component of the
particle energy spectra was taken into considera-
tion). The anisotropy decreases with increasing
Z of the projectile-like fragment. The in-plane
angular correlations were found to be essentially
isotropic, although a slight tendency for a higher
yield in the direction of the detected fragment was
apparent.

These results contrast sharply with what is ex-
pected on the basis of the classical picture of an-
gular momentum transfer in strongly damped col-
lisions, viz. a complete alignment of the fragment
perpendicular to the reaction plane. If we assume
complete alignment and stretched y-ray transitions,

i Al1.00—

li
1.00—

0.90

080
a{deg) 0 45 90 90 0 45 90 90
8(deg) 90 110 125 145 90 110 125 145
0 9 5 1 2 9 5 1 2

FIG. 8. The in-plane, out-of-plane angular correla-
tions for y rays detected in coincidence with products at
26 and at 45' having Z values between 3 and 14. The
angles o' and 8 denote the polar angles of the NaI detector
with respect to the direction normal to the reaction plane
and to the beam, respectively. The integer n is the num-
ber of the NaI detector in Table I.

W(o) = ~5(1 —cos'o. ),
for quadrupole transitions and

W(n) = ~3(1+cos'a),

(13)

for dipole transitions. ' Here we have taken the
perpendicular to the reaction plane as the quantiza-
tion axis; n is the polar angle with respect to
this axis. Thus in the hypothesis of complete
alignment and stretched transitions, a 50-65%
dipole admixture wouM be needed to reproduce the
measured anisotropy. It seems, from studies of
the deexcitation of compound nuclei formed at high
excitation energy and angular momentum, that
such a high dipole admixture is unlikely. "'"
Furthermore, even if such an admixture repro-
duces the observed anisotropy, it fails to repro-
duce the measured three-point angular correlations
of Fig. 8. Thus, the hypothesis of full alignment
must be abandoned. We will return to this when we
discuss in Sec. IVC a possible source for this
lack of alignment.

We consider next the y-ray angular distribution
measured for the evaporation residues. With the
beam direction as the axis of quantization, the
compound nucleus ' Y is aligned perpendicular to
the beam axis. Relative to this axis and in the
limit of high spins, the y-ray angular distribution
is expected to be of the form

(15)
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for stretched quadrupole transitions and

W(e) =-', (2+sin'6) (16)

2. Gamma-ray multtplieity results

For a given Z of the projectile-like fragment,
five energy spectra were generated, correspond-
ing to zero to four fold and higher order coinci-
dences between one heavy-ion telescope and the
surrounding NaI detectors. These particle spec-
tra were then divided into energy bins wide enough
(10 MeV) to ensure sufficient statistics. For a
given energy bin, we make use of the yields in the
different fold spectra to determine the first three
moments of the y-ray distribution. If we denote
the average y-ray multiplicity by My, then the
width c os the distribution is defined by the rela-

y
tion cr~' =((M„—M~)') and its skewness by the rela-
tion

((M, —M,)')
Sy 3 ~

0'y

for stretched dipole transitions.
The four NaI detectors were located at polar

angles 0=90', 110.3', 125.0', and 145' with re-
spect to the beam axis. The experimental angular
distribution (Fig. 9, solid circles) is well des-
cribed by a 75% quadrupole and 25% dipole mix-
ture (full curve). In this calculation, a small loss
of alignment due to particle evaporation has been
taken into account according to the method des-
cribed in Sec. IVB. The symmetry around the
beam axis is broken by the detection of the evapora-
tion residues at Ohb =20', but this can be neglected;
detection of the residues at different angles (10',
15', 20', and 28') yields identical y-ray angular
correlations, which indicates that this effect is
quite small.

Thus, in contrast to the 50-65% dipole admix-
ture which would be necessary to reproduce the
y-ray anisotropy measured for strongly damped
collisions, a 25% dipole admixture is quite suf-
ficient to reprgduce the anisotropy observed for
the evaporation residues. This is fur ther evidence
that the small observed y-ray anisotropy in the
case of strongly damped collisions does not have
its origin in a very large () 50%) dipole admixture
in the y-ray transitions.

plicity distribution was estimated to be smaller
than 10%. Subsequently, this effect was neglected.
The y-ray angular distributions are nearly iso-
tropic and the small measured anistropies have
negligible effects on the multiplicity results.

As the deexcitation of compound nuclei has been
the object of numerous studies and is relatively
well understood, we discuss first the y-ray multi-
plicity results for the decay of the compound nu-
cleus "Y. These data constitute a good basis on
which to evaluate the results obtained for strongly
damped collisions which will be presented there-
after.

a. Evaporation residues. The three first mo-
ments and the relative width o&/M of the multi-
plicity distribution of the y rays accompanying the
deexcitation of the evaporation residues are pre-
sented in Table II as a function of the detection
angle of the residues. These results represent
an average over the energies as well as over
masses of the residues (the charges of the indivi-
dual products were not resolved). Within the
limit of the experimental errors, the width and
the skewness are independent of detection angle.
The average multiplicity, however, decreases
smoothly with increasing angle. This trend can
be explained qualitatively if the effect of light-
particle emission is taken into consideration.
The initial recoil direction of the compound nuclei
is directed along the beam axis. Only evaporation
residues which have received a transverse momen-
tum by particle emission can be detected at an
angle different from 0 . The more the evapora-
tion residues deviate from 0', the larger the
transverse momentum they received, and the more
massive or energetic, on the average, must be
the light particles emitted. In either case, these
light particles will tend to carry away a larger
fraction of the angular momentum imparted to the
compound nucleus, decreasing the number of y
rays necessary to dissipate the remaining angular
momentum.

TABLE II. Average ~y, width oy, skewness sy, and
relative width Oy/My of the multiplicity distributions
of the p rays accompanying the evaporation residues
formed in the reaction Ne+ Cu, detected at different
angles. The last line refers to those quantities averaged
over detection angle. The indicated errors are statis-
tical only.

A general description of the formalism used to
extract the first three moments of the y-ray
multiplicity distribution from the experimental
data, which takes into account the effect of neutron
detection, y-ray anistropy, and random coinciden-
ces, has been presented in detail elsewhere. '3 The
overall effect of neutron detection by the NaI detec-
tors on the first three moments of the y-ray multi-

Theta

100
jL 50

200
28'

Average

11.38*Q.04
11.17+0.05
10.93 + 0.05
10.64+ 0.07
11.41+0.05

ay

3.65+ 0.10
3.24 + 0.14
3.41 + 0.24
3.52 + 0.15
3.44+ 0.15

-0.9+ 0.3
-1.1+0.4
-0.8 +0.4
-0.7 + 0.4
-0.8 + 0.3

ay/My

0.32 + 0.01
0.29+ 0.01
0.31+ 0.02
0.33+ 0.02
0.30 + 0.02
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In order to define an overall y-ray multiplicity
distribution for the evaporation residues, the mo-
ments were weighted by the differential cross sec-
tion and were then averaged over detection angle.
These averaged moments are listed at the end of
Table II.

b. Deeply inelastic and quasielastic collisions.
The main features of the multiplicity distributions
are illustrated in Figs. 10-13. In Fig. 10 the de-
pendence of M& and v& on the energy of the detected
particle is compared with the yield of the projec-
tile-like fragments. The dominant features are a
general increase in M& as the observed energy de-
creases (or as the energy loss increases). A

maximum is then reached in the region of the
deep inelastic peak, after which Mz decreases
again with further increases in the kinetic energy
lost in the collision. Except in the region of very
small energy loss, oz is nearly independent of
energy loss.

The counting statistics in the 10-MeV-wide
energy bins used to determine M& and p& were
generally insufficient to determine the skewness
with good precision. For the products with the
best statistics, the following trends were ob-
served: for small E„„,sz is about 2.5. It then
decreases to 0 for E„„=40MeV, and continues
to decrease to a minimum of = -1.6 for E„„=VO
MeV. Above this point s& increases again to reach

a value of =-0.5 for E„„=100MeV. The depen-
dence of M& on the Z of the detected particle is
shown in Figs. 11 and 12 for varying degrees of
energy loss. The multiplicity increases with in-
creasing charge asymmetry (i.e. , with smaller Z).
This Z dependence increases with energy loss.
For a given Z and energy loss, Mz is not strongly
dependent on the scattering angle. Figure 13 pre-
sents values of M» o&, and s& obtained for a 30-
MeV-wide energy bin centered at the maximum of
the deep inelastic yield at 8hb =45'. The width
shows small oscillations as a function of Z around
a value of =4. The skewness tends to increase
with Z from --1.5 to -0. Essentially identical
results were obtained at the other scattering
angles.

Several of the above features of the y-multiplicity
results can be understood on the basis of a classi-
cal model and the assumption that M& is propor-
tional to the transferred angular momentum. We
discuss these features first and then deal with the
more unusual aspects of the data.

Classically, the conversion of orbital angular
momentum in the entrance channel into intrinsic
angular momentum of the fragments is described
as the result of tangential frictional forces acting
between the fragments. " In a first step, the
nuclei (assumed spherical) slide on each other
generating, under the action of viscous forces,
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detected particle for 10-MeV-wide energy-loss bins.
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of particle emission by the projectile-like fragment.
The particles were observed at e&~b= 26'.

a torque which sets them into rotation. Tangential
fricitional forces continue to act until the system
reaches the rolling stage in which the peripheral
velocities of the nculei are matched. At this point
rolling friction slows down the rotation of the
nuclei until they form a rigid body (sticking con-
dition). According to this description of angular
momentum transfer, one expects a rapid increase
with interaction time (or energy loss), of the
angular momentum J transferred to the fragments,
until the rolling state is reached. At this point,

where l, is the incident orbital angular momentum,
independent of the mass of the fragments. Then J
will continue to increase until it reaches its maxi-

with 8, and 8„ the moments of inertia of the frag-
ments and 8„&.the moment of inertia associated
with relative motion. For a symmetric mass
split, the rolling and the sticking stages are
equivalent and yield the same value of J. From
Eq. 18, one expects J to increase as the mass

~o- ~ ~
8 =45lab
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~ ~ & 0
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I I
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Z

FIG. 13. Average multiplicity (solid points), multi-
plicity width (open circles), and skewness (triangles) of
the p-ray multiplicity distributions determined for a
30-MeV-wide region of energy covering the maximum of
the deep inelastic component of the particle spectrum.
These values. are given as a function of the Z of the frag-
ment detected at 8=45'.
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split of the dinuclear complex becomes more and
more asymmetric, leading eventually to complete
fusion. The observed increase of multiplicity with
increasing energy loss and with increasing mass
asymmetry is consistent with this classical pic-
ture, and indeed forms the main justification for
it.

An interesting behavior of M& is found in the
quasielastic region (see Fig. 10). Mz first in-
creases rapidly with the energy loss and, after
an energy loss of about 15 MeV, shows an abrupt
change of slope. At this point, M& seems to reach
a plateau and, for the /=8 products, it even dis-
plays a minimum near the maximum of the quasi-
elastic yield (Fig. 10). Although several mechan-
isms can be invoked to explain this behavior, " the
following one seems most probable. Above E„„
=15 MeV, the excitation energy of the fragments
becomes sufficient to enable particle emission
which then completes with y-ray emission in the
removal of angular momentum.

As the energy loss continues to increase, M&

starts to increase again to reach a broad maxi-
mum over the deeply inelastic component. For
increasing energy loss, however, M& decreases
rapidly. Although such a drop in Afz has been
noticed previously, '4 it has drawn little attention
or it has been dismissed as resulting from the
presence of light contaminants on the target. . In-
deed, fusion with contaminants like carbon or
oxygen would produce evaporation residues with
low kinetic energies and with atomic numbers
similar to the projectile-like fragments. Mea-
surements with a carbon target in the same ex-
perimental condition yield M„=1 to 2. The drop
in M& happens for an energy loss where the yield
of the projectile fragment decreases rapidly,
which renders the contaminant problem even more
critical. Thus, a small amount of carbon or oxy-
gen contaminant could cause the drop in the mea-
sured y-ray multiplicity. By close compar ison
between the spectra obtained with the "Cu and
natural carbon targets, it was estimated that the
amount of light contaminants did not exceed 1
pg/cm' at the end of each run and that this could
not be responsible for the observed drop in M&.
Furthermore, the decrease in M& is observed for
silicon, phosphorous, and sulfur products detected
at 45' and these are not residues of the fusion of
Ne+C or Ne+O.

Several mechanisms can be invoked to explain
this decrease in M&. (i) The decrease happens
for very large energy losses which translate into
high excitation energy of the fragments. These
then deexcite by emission of a large number of
light particles carrying a larger fraction of the
transferred angular momentum. This possibility

will be discussed further in Sec. IV. (ii) The
fragments emerge with a kinetic energy well below
the kinetic energy expected from the repulsion of
spherical fragments, which implies strong defor-
mation at scission. By inspection of Eq. (18), one
may see that a large increase in the relative
moment of inertia leads to a decrease in the trans-
ferred angular momentum. It is, of course,
possible that both mechanisms contribute to the
observed decrease in Mz.

The value of M& obtained for oxygen ions of
energy loss less than 60 MeV seems anomalously
low (see Fig. 11). This effect is most pronounced
at forward angles (20', 26') and nearly disappears
at larger angles such as 45' (Fig. 12). Although
the origin of this minimum is not yet completely
clear, it is possible that the oxygen yield at for-
ward angles and for smaller Q values (i) contains
a large component of a quasielastic reaction in
which an excited "Ne decays by n emission to the
ground state of "0and/or (ii) results from the
direct breakup of "Ne into "O+n. A more quan-
titative interpretation of the results requires the
deduction of the transferred angular momentum
from the measured y-ray multiplicity; this is dis-
cussed in the next section.

IV. DISCUSSION

A. Conversion of gamma-ray multiplicity to angular
momentum

The y-ray multiplicity includes contributions
from both the light and the heavy fragments but is
independent of the relative orientation of their
respective angular momenta, J~ and JH. Thus,
Mz depends on the average angular momentum

For reactions between much heavier nuclei, it
is generally assumed"' "that the fragments
deexcite in two steps. First, emission of light
particles (mainly neutrons) occurs with little
dissipation of angular momentum until the resi-
dual excitation becomes small enough to permit
y-ray competition. At this stage, a cascade of
y rays is emitted including a few statistical y
rays removing on the average rather little angular
momentum and a large number of stretched E2
transitions which are responsible for most of the
angular momentum dissipation. In such a case,
the average angular momentum (J) of the fragments
can be related to the multiplicity Mz through the
simple equation,

(j)=2(My- k),

where 4 is the number of statistical transitions.
In fact, recent studies" have shown, even in the
case of heavy fragments, that strong effects of the
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internal structure of the nuclei on the multipole
composition of the emitted y ray can cause the
relation between angular momentum and y-ray
multiplicity to be more involved than previously
assumed. For lighter systems, such as the
present one, it is obvious by comparing our multi-
plicity results on the decay of the compound nu-
cleus "Y with the average initial angular momen-
mentum deduced from the fusion cross section,
that Eq. (19) is inadequate. Assuming a triangular
J distribution up to /„ in the compound nucleus
"Y, one deduces an average angular momentum

{J)= ~l„=40 h. However, only 11.4 y rays (see
Table II) are emitted on average by the evapora-
tion residues. Even if all the transitions were
stretched E2, which is an unrealistic assumption
for these nuclei, Eq. (19) would allow a maximum
of 23.8 h to be dissipated by y-ray emission. Thus,
contrary to the situation for heavier systems, a
large fraction of the angular momentum must be
dissipated by light-particle emission.

Using available experimental information" '" "
on the decay of compound nuclei in the mass 60
region, we have derived an empirical relation be-
tween the multiplicity and the transferred angular
momentum. The information consists of experi-
ments in which l„and M& have been determined
independently over a large range of excitation
energy, 30 MeV & E„&120 MeV, and for a variety
of projectile and target combinations, i.e. , for
different combinations of angular momentum dis-
tribution and excitation energy. This leads to the
following empirical equation:

(20)

with {Jo)=(11-12)0 and 8, =80 MeV. In this ex-
pression, the first two terms represent the average
angular momentum removed by particle emission
as a function of the effective excitation energy E*
deduced from Fig. 3(b). Thus for an excitation energy
of 80 MeV, which is comparable with the Q values
measured here for fully damped products, the
angular momentum removed by particle emission
is 11 to 12 5. In agreement with Albrecht et gl."
we find that, for a 16 MeV increase in excitation
energy, an extra 3 8 of angular momentum is re-
moved by particle emission. The last term repre-
sents the average angular momentum dissipated by
the y rays, assuming M& —k stretched E2 transi-
tions and k statistical y rays. From a study of the
fusion of "0+"Ni, Simpson et gL" have adopted
the value k =2.

Although Eq. (20) does not contain any explicit
dependence of particle emission upon the initial
angular momentum, it reproduces quite well a
large variety of experimental data. In particular,
using the multiplicity data of Geoffroy et al.""on

the decay of the compound nuclei "K and 'OSe for
formed in the reactions "C + "Al and "C + "Ni, it
reproduces the dependence on excitation energy
of the average angular momentum deduced from
the fusion cross sections.

%hen applied to our results for the decay of the
compound nucleus ' Y at 125-MeV excitation energy
(M&=11.4), Eq. (20) yields {J)=39.5 5, in excellent
agreement with the value 40 5 deduced from the
fusion cross section. Thus, about 20 5 of angular
momentum are dissipated by particle emission.
Assuming that the width cr~ is related to v& in the
same manner that {J)is related to Mz, the J dis-
tribution in the residual nuclei prior to y decay is
characterized by {J)=19+ 1 8, oz =5.7+0.4 I, and

s~ =-0.8+0.3.
In a separate study of the decay of the compound

nucleus "Br formed at an excitation energy of
115 MeV in the bombardment of a "Cu target with
a 133-MeV "C beam, we obtained a value of M&
=9.5. Application of Eq. (20) produces an initial
average angular momentum of 33.5 A, again in

good agreement with the value 31 A deduced from
the fusion cross section. In this case, -18 h are
dissipated by particle emission and 15 h by y
rays.

Equation (20) may be used to determine the an-
gular momentum transfer as a function of energy
loss and, in this respect, may shed some light
on the observed decrease in M& at very large
energy losses (cf. Fig. 10). The average trans-
ferred angular momentum {J)deduced with Eq.
(20) is shown in Fig. 14 as a function of the energy
loss in the primary collision. The data are at
two scattering angles for projectile-like fragments
with g=8 and 9. The energy bins are 10 Me7
wide. It may be seen that {J)increases with

energy loss over nearly the whole range and ex-
hibits only a slight decrease for the largest energy
losses. Thus, it appears that most of the drop in
the multiplicity at large energy losses can be ac-
counted for on the basis of particle emission. The
amount of the remaining decrease in {J)near E„
=90-100 MeV is not very large and depends on the
accuracy of Eq. (20) over a large range of excita-
tion energy. It is, of course, possible that the
dependence of {J)on E&,N shown in Fig. 14 also
reflects the onset of strong deformations in the
exit channel at large energy loss.

Application of Eq. (20) to values of M measured
for a 30-MeV-wide energy bin (Fig. 13) covering
the deep inelastic peak yields the average trans-
ferred angular momentum {J)shown as a function
of the primary light fragment atomic number g*
in Fig. 15. Comparing Figs. 13 and 15, we see
that the average angular momentum {J)depends
more strongly on Z* than does M&. This arises
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from the correction for particle emission which
increases from -& for the higher g~ products to
——,

' for the smaller g* products. For the fragments
most remote from the projectile, (g is independent
of detection angle, whereas for the fragments
near the projectile (g first increases with angle,
then reaches a constant value at 35' which cor-
responds to the sticking condition. This limit is
also reflected in the energy spectra which are
completely relaxed beyond 35'.

For comparison, +e have indicated on Fig. 15
the predictions of the rolling and sticking limits
given by Eqs. (17) and (18), respectively, assum-
ing spherical fragments and taking three different
values for the incident partial waves, l= l„=760,
l=l„=60k, and i=50 S. At 35' and 45' where the
sticking condition should be reached, the experi-
mental points should lie between the curves de-
fined by the grazing and the critical angular mo-
menta. In fact, the partial waves contributing to
strongly damped collisions seem to extend from
-68 5 for the heavier fragments to less than 50 8
(-10 8 below l„) for the lighter fragments. Simi-
lar results have been obtained in other light sys-
tems. "" If the deformation of the fragments is
taken into account, most of the above discrepancies

I
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FIG. 15. The angular momentum transferred to the
fragments as a function of Z* of the primary projectile-
like fragment. The full curves are obtained in the
sticking limit for spherical fragments and different
values $& for the contributing incident partial wave. The
light dashed curves correspond to the rolling limit while
the heavy dashed curve has been calculated in the stick-
ing hypothesis with deforxned fragments (see text) and
an average value Q;) = 68 K for the contributing incident
partial waves.

are removed, as shown below and in Ref. 16.
Kith the assumption of rigid rotation of the di-

nuclear complex at scission, the total kinetic energy
of the fragments can be expressed as the sum of
their Coulomb repulsion and rotational energies,

Z, Z, e' lq(lq + 1)h '
&c.m,

(21)

(ly) = (li) —(g, (22)

where (I,) = 68 5 is the average incident orbital
angular momentum producing a deep inelastic
collision and (J) is the average angular momentum
transferred to the fragments. For (g, we used the
values deduced from the y-ray multiplicity mea-
surements for a scattering of 45' where we expect
the sticking limit to be reached. Equation (21)
was then used to determine the distance d and to
divide the total kinetic energy into Coulomb energy

where d is the separation distance of the fragments
at scission and l& is their relative orbital angular
momentum. Experimentally, E„, =E, +@*,
where E, is the incident center-of-mass energy
and Q* the reaction Q value, taking into account
the effect of particle emission [Fig. 8(b)]. In the
sticking limit, the average orbital angular momen-
tum (l&) is given by
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and rotational energy as shown in Fig. 16. The
rotational energy varies between 15 and 20 MeV
and for light projectile-like fragments is of the
same order as the Coulomb energy while it rep-
resents about 25% of the total kinetic energy for
the heavier fragments.

Assuming a configuration at scission in which
the two fragments are approximated by two tangent
ellipsoids with their axes of symmetry along the
axis joining their center, one deduces from the
value of d in Eq. (21) a deformation parameter P
= 0.6. This large deformation is consistent with
other experimental determinations. ' " Making
use of Eq. (18) in which the mdments of inertia
become those of the deformed fragments, and

(l, ) =68 5, the angular momentum transferred to
the fragments is given by the dashed curve in Fig.
15. A much improved agreement with the experi-
mental data is obtained for g* =4—12, although the
experimental values for the heaviest projectile-
like fragments now exceed the calculated values.
Thus, the inclusion of deformation can bring the
magnitude of the transferred angular momentum
expected for a narrow band of partial waves (60-
70 5) and the sticking limit into better agreement
with measured multiplicities. Some apparent
preference for high partial waves to produce sym-
metric mass splits still remains (on the basis of
Fig. 15 alone).

Following Wolschin" and Riedel et aL" we ex-
press the averaged transferred angular momentum

as

(J) =(J ) 1 —exp—
~&e~

(23)

z ~~&(ge I~I~

zid~ z

(24)

where (g~ and (do/d8)~ are the average angular
momentum and the differential cross section mea-
sured for a particular P of the projectile-like
fragment. By fitting the average transferred
angular momentum thus determined with Eq. (23)
in which the interaction time v ~, has been related
to the scattering angle through Eqs. (6) and (7),
we deduce an angular momentum relaxation time
q, =0.41+0.06x10 "s. This time is about twice
as long as the energy relaxation time. With the
same set of parameters as in Sec. IIIA3, the
single-particle model of Hefs. 48 and 49 yields
D»=7.2xl0" s ' for the angular momentum dif-
fusion coefficient, leading to a relaxation time
7, =0.53 x10 "s. in fair agreement with the ex-
per imental result.

where (Z,) is the largest angular momentum trans-
ferred, 8 and 8„& are the total and relative mo-
ments of inertia, respectively, z, is the angular
momentum relaxation time, and z. t the interac-
tion time. The average angular momentum trans-
ferred for a given scattering angle may be de-
fined exper imentally as

70
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FIG. 16. The total center-of-mass kinetic energy
(squares), the Coulomb repulsion energy (open circles),
and rotational energy (solid circles) as a function of the
Z* of the primary projectile-like fragment. The calcu-
lation of the Coulomb and rotational energies includes
deformation of the fragments, as described in the text.

B. Effects of particle evaporation

In the previous section, we have seen how light
particle emission plays an important role in

angular momentum dissipation. We next consider
how it affects the alignment and distribution of the
angular momenta of the fragments prior to y-ray
emission.

1. Evaporation residues

In first approximation, the relative width

o~/(J) and the skewness s~ define the shape of the

J distributions. Assuming a triangular J distribu-
tion up to l„ in the compound nucleus, the first
moments are given by (J) = —,

' l„=40 k, o~ = l /18'"
= 14.1 5, and sz =-8'~'/5 =-0.57. The relative
width is then defined by oz/(p =8 'I' =0.35. These
predicted quantities are in excellent agreement
with the corresponding experimental quantities
o&/M =0.30+0.2 and s& = —0.8+0.3 obtained for the
y-ray multiplicity distribution. Thus, the effect
of particle evaporation is essentially to shift the
initial 4 distribution ((g = 40 8') toward lower J
values in the residual nucleus ((g =19 I), but with
little change in shape. Such an effect has been
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FIG. 17. {A) l distribution deduced from an optical
model calculation of the total reaction cross section
(0 „„„,„). (B) E distribution in the compound nucleus
after scaling down the previous distribution in order to
reproduce the fusion cross section {0fggIO„) {C) l dis-
tribution in the evaporation residues as calculated with
the code BJLIAN.

noticed previously in different studies of the decay
of compound nuclei. "'""

In order to have more detailed information on the
effect of particle evaporation, statistical model
calculations were performed using the Monte
Carlo code O'ULIAN. " In these calculations, the
distribution of the partial waves contributing to
the reaction cross section was determined from
an optical model calculation with parameters de-
duced from elastic scattering measurements.
This distribution was then scaled down in order to
obtain a J distribution in the compound. nucleus
which reproduces the measured fusion cross sec-
tion (see Fig. 17). Light-particle (P, n, n) trans-
mission coefficients were determined using stan-
datd optical model parameters. "'" Standard
parameters for the pairing gap and moment of
inertia were also used in the level density formula. "
For y-ray emission, a retardation factor of -5
for quadrupole transitions" was adopted. It was
assumed that the compound nucleus was initially
completely aligned in the I=0 magnetic substate
(here, the quantization axis is the beam axis).
The code kept track of the spin orientation after each
particle emission so that at the end of the evapora-
tion process not only the J distribution but also
the M distribution for each value of J was known
for each residual nucleus.

The overall J distribution in the residual nucleus
prior to y decay is shown in Fig. 17. Its three
first moments are (J) =16.2 K, o~ =5.2 h, s~
= -0.10 with a relative width gz/(g =0.32, in fair
agreement with the y-ray multiplicity results
(see Sec. IVA). The degree of alignment is des-
cribed by the quantity (M/J) and its variance
&r(M/J), where M is the projection of /along the

beam axis. Starting from a completely aligned
compound nucleus [(M/J) =0 and o(M/J) =0], the
calculation yields (M/J) =0 as expected and o(M/J)
=0.32, corresponding classically to a spin orien-
tation of 90'+ 18' relative to the beam axis. These
J and M distributions were used (see Sec. IVC) to
calculate the y-ray angular correlation shown in
Fig. 9 which, for a 25% dipole admixture, is in
agreement with the experimental data.

The J distribution after particle emission de-
pends, of course, on the parameters used in the
statistical model calculations. It is particularly
sensitive to the competition between the different
modes of decay. An increase in o. competition,
for example, leads to a marked decrease in (j).
To a lesser extent, (J) depends also on the y-ray
strength used. However, a decrease in (g is
accompanied by an almost proportional decrease
in o~ leaving the relative width o~/(g unchanged.
Similarly, it was found that the calculated skewness
and the loss of alignment were very insensitive to
the parameters used in the calculation. This point
is very important for the analysis of the results
for the strongly damped collision.

2. Strongly damped collisions

As we have noted earlier, strongly damped
collisions are expected to occur within a band of
incident partial waves between l„=60 h and l~
=76 S. In the sharp cutoff approximation, the
three first moments and the relative width of the
distribution of the contributing partial waves are

,(I) =68 5, o, =4.5 0, s, =0, and o, /(I) =0.07. In the
sticking limit, which should be valid for all pro-
ducts at 45', the angular momentum imparted to
the fragments is directly proportional to I [Eq.
(18)]. This should hold for fragments having
energies near the maximum of the fully relaxed
deep inelastic yield. Thus, for a given pair of
fragments, assuming that all partial waves between
l„and l„contribute, one expects a distribution of
the transferred angular momentum which is the
image of the initial / distribution, i.e. , which has
the same relative width and skewness. In the
absence of particle emission, the y-ray multi-
plicity distributions should also have the same
shape, oz/M~=0. 07 and sz-0. These values are
in sharp disagreement with the experimental data
(see Fig. 18). [Note that the experimental data are
obtained at L9&,&

=45' where only fully relaxed events
should be present and that only events in a narrow
region of energy (sl5 MeV) around the most prob-
able energy were used. ] The measured values of

o&/Mz =(0.4-0.5) are in fact even larger than for
the evaporation residues (for which all partial
waves between I=0 and „Ip ratici ptae). This indi-
cates that the above discrepancy does not originate
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FIG. 18. Properties of the &-rays associated with the
strongly damped collisions: (a) relative width o„jM„,
(b) skewness s„of the multiplicity distribution, and (c)
out-of-plane &-ray anisotropy A. The abscissa is the Z
of the projectile-like fragment detected at 8y~ —45 with
an energy within +15 MeV of the most probable energy
in deep inelastic component. Predictions assuming com-
plete alignment at scission and including the effects of
particle emission are indicated by the dashed curves;
the p-ray anisotropy in (c) was calculated with the as-
sumption of two dipole transitions and was divided by
two before plotting. The effect on the predicted value
of A of adding a fluctuating component J& to the aligned
component Jp is illustrated for (J&)/(Jp) = 0.9 by the
solid curve and for (J&)/(Jp) = 1.2 by the dash-dotted
curve. Very similar values of az/(J) and sJ are pre-
dicted for (J&)/(Jp) = 0.9 and 1.2 and are shown in each
case by a single full curve.

with the assumption that only l values between 60
and 76 5 are involved.

In order to determine the effect of particle emis-
sion an iterative procedure was used with the fol-
lowing initial assumptions: (i) The average angu-

lar momentum imparted to the fragments is given
by the y-ray multiplicity measurements (Fig. 15).
(ii) The fragments she . an amount of excitation
energy [Fig. 3(b)j prop tional to their masses and
an amount of angular momentum proportional to
their moments of inertia. (iii) The shape of the
J distribution in a fragment is determined by the
sharp cutoff approximation and the sticking limit.
(iv) The primary fragments are completely aligned
in a direction perpendicular to the reaction plane.
(v) The fragments have reached equilibrium before
particle emission. The code JULIAN was then used
to determine the J distribution and the spin align-
ment of the residual fragments after particle emis-
sion. Because of their small sensitivity to the
ratio oz/(J), we chose to characterize the calcula-
ted J distributions in the residual nuclei by this
quantity rather than by the average (J) and the
width o~. The calculated values of v~/(J) and s~
are compared to the experimental data in Figs.
18(a) and 18(b) (dashed lines) as a function of the

Z of the projectile-like fragment. Although par-
ticle evaporation significantly increases oz/(J)
from its initial value of 0.07 to 0.15 for g =3 and
to 0.27 for Z=16, the result is still smaller than
the experimental value by a factor of -3. The
calculated skewness is positive and it decreases
with the Z of the projectile-like fragment, again
in disagreement with the data. The loss of
alignment due to particle emission is character-
ized by values of (M/J) decreasing from 0.98 for
Z=3 to 0.95 for Z=16, which corresponds to
depolarization angles of 11.5' and 18.2', respec-
tively. With the assumption of stretched transi-
tions containing on the average two dipole y rays
(i.e. , a 20-30% dipole admixture consistent with
the evaporation-residue results), the calculated
J and M distributions were used to compute the
out-of-plane y-ray anisotropy shown in Fig. 18(c)
by the dashed line. Here again, there is a sharp
disagreement with the experimental data (note
that the prediction has been divided by a factor of
2 for plotting).

Particle emission and a reasonable dipole ad-
mixture thus cannot account for the large width of
the multiplicity distribution and the small out-of-
plane anisotropy measured for the y rays. It
appears to us that the above discrepancies have
their origin in the assumptions made about the
reaction mechanism. The assumption of fully
aligned fragments is particularly suspect. Figure
18(c) strongly suggests that the alignment of the
fragments at scission is incomplete. We will show
in the following section that a common explanation
of the results of Figs. 18(a)-18(c) can be found

if we abandon the hypothesis of full alignment of
the fragments at scission.
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C. Randomly oriented component of the transferred
angular momentum

P(j) = gP, (M), (26)

where (J„M, = J„jz,Mz =M —J, ~ j,M) is the
Clebsch-Gordan coefficient coupling the vectors

~ JO, M, = jo) and ~J&, M&) to give the vector
~
J,M).

The distributions P(j) and P(j,) satisfy the con-
dition pzP(j) =pz P(J,). Thus, in principle, the
distributions P~(M) and P(j) can be calculated from
the distribution P(J,) and then used in the evapora-
tion code to obtain the final J and M distributions.
As the calculation must be repeated for each value
of the ratio (jz)/(j, ), this would be a lengthy and

expensive process. In order to shorten. the calcu-
lation, the coupling of the aligned and random
angular momentum was done after the particle
evaporation calculation by replacing Eq. (25) with

the following expression:

P, ,(M')

p, M0, Jy, Sf' J,M

J'=Z —J' hf' Jf0 f 0

(27)

Equation (26) is replaced with

P(j') =g P, ,(M'), (28)

where the prime refers to quantities taken after

In order to preserve generality in the interpre-
tation of our experimental results, we propose
the following very simple and highly schematic
model. It is assumed that the angular momentum
J imparted to the fragments can be divided into
two components: (i) a component j, arising from
tangential friction aligned perpendicular to the
reaction plane, with a narrow distribution P(jo}
given by the sharp cutoff approximation and the
sticking limit (oz/(J) =0.07, sz=0); (ii) a randomly
oriented component J&, the magnitude of which for
simplicity is assumed to be proportional to Jp.
Thus, J = Jp+ J& and I =M, +M&. Taking the axis
perpendicular to the reaction plane as the quantiza-
tion axis, the probability P~(M) to obtain a par-
ticular value of J with projection Mis given by

J+ J'y

.P, (M) = g P(j,)
Jp=7 -Jy

~( J„M, = J„J„M,=M —j, ~ J, M&(2

2J~+1
(25)

and the probability P(J) to obtain a particular value
of J is given by summing over all possible values
of M:

particle emission. The pr obability distributions
Pz, (MJ are given by the statistical model calcula-
tion as described in the previous section and thus
need not be repeated for different values of

(7&)/(jo). As the two modes of angular momentum

coupling (before and after particle emission) are
not equivalent, a simple test case was run using
both methods to check for possible effects on the
final distributions Pz (M ). The two calculations
yielded the same distributions to a very good ap-
proximation, justifying the use of Eqs. (27) and

(28}.
For each assumed value of the ratio (jz)/(J, ),

the distributions Pz (MH) and P(j'z) in the heavy
H

fragments (the index II denotes the heavy frag-
ment) were determined through Eqs. (27) and (28).
It was assumed that the distributions Pz (M~) andJi
P(j~) (the index L denotes the light fragment)
could be deduced from their counterpart in the
heavy fragment by a simple scaling such that the
ratio (j~)/(j II) is given by the ratio of the mo-
ments of inertia of the fragments. Assuming
further that the respective orientations of the ran-
dom component in each fragment are uncorrelated,
the distribution P(j) of j=

~ Ji ~

+
~

J„'~ (which can be
compared directly to the y-ray multiplicity dis-
tribution) is given by

I'(j) = g P(j,')P(j'„), (29)
J' JH

where the sum over J~ and J„must satisfy the
condition

~ Jz ~

+
~

J'H
~

=j. The three first moments
of P(j), as well as the relative width g~/(J), were
determined for each assumed value of the ratio
(J~)/(j, ). The distributions Pz, (MH) were used to
calculate the out-of-plane y-ray angular distribu-
tions with various dipole-quadrupole admixtures.

A ratio (j&)/(j, ) =0.9 is necessary in order to
reproduce the measured y-ray anisotropy if there
are two dipole transitions. This value is almost
independent of the Z of the projectile-like frag-
ments as shown by the full-drawn line of Fig. 18(c).
The calculation not only reproduces the y-ray
anisotropy but it also gives good agreement for
the relative width [Fig. 18(a)]. The skewness, al-
though still too large, has the right trend [Fig.
18(b)]. A calculation assuming the same amount
of dipole-quadrupole admixture and a ratio (j&)/(j,)
=1.2 is illustrated by the dashed-dotted curve of
Fig. 18(c}. This increase in the fluctuating com-
ponent gives a better agreement with the experi-
mental anisotropy for the largest values of the Z
of the projectile-like fragment, while the relative
width and the skewness are left unchanged. This
result could indicate a slight dependence of the
fluctuating component of the angular momentum
upon the mass asymmetry. Such a large value of
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Jz near symmetric mass split increases the value
of (J) =(I Jz I+ (Jz~) for the primary fragments by
-6 5 over the sticking value for deformed nuclei
(dashed curve in Fig. 15), and may be responsible
in part for the discrepancy with the experimental
data observed there for Z*» 15.

There exist, of course, different combinations
of the ratio (Jz)/(Jp) and of the amount of stretched
dipole admixture compatible with the measured
y-ray anisotropy. A decrease in (J&)/(Jp) can be
compensated by an increase in the dipole admix-
ture. This is illustrated in Fig. 19 where the
y-ray anisotropy A and the relative width (which
depends only on (J&)/(Jp)) are plotted as a function
of (Jz)/(Jp) for different numbers of dipole transi-
tions. The particular case shown is for the Z=9
projectile-like fragment detected at 45'. Thus,
even for four dipole y rays (corresponding to
-50'%%uo dipole admixture), (J&)/(Jp) =0.5 is required
to explain the observed anisotropy.

The effect of a random angular momentum on the
three-point y-ray angular correlation for various
dipole admixtures is shown in Fig. 20 for g =5, 6,
and 9. The curves obtained for a 30%%uo dipole ad-
mixture and (Jz)/(Jp) =0.8-0.9 give excellent fits
to the data. A 50%%uo dipole admixture and (Jz)/(Jp)
=0.5, while reproducing the anisotropy, are in
disagreement with the full angular correlation.
On the other hand, a dipole admixture of 20'%%uo

which may be considered as a lower limit, based

50 &o DIPOLE

50 Vo DIPOLE 0

0.8

0.5

1.0—
fA

C

~ 0.9
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"0.8

on our results for evaporation residues (Fig. 9)
and on other work, "' '" places an upper limit of
1.1 on the ratio (J~)/(Jp).

The assumption that J& is proportional to Jp is
extreme, of course, and has been made only for
simplicity. Relaxing this hypothesis would in-
crease the predicted value of o~/(J), in better
agreement with experiment.

The assumption of uncorrelated orientations for
the random component J& of the angular momentum
in the light and heavy fragments, while important
for calculating &rz/(J) for symmetric mass splits,
has little consequence for very asymmetric mass
fragmentation in which nearly all of the angular
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FIG. 19. Dependence of the calculated out-of-plane
p-ray anisotropy A (solid curves) and relative width
o&/(J) (dashed curve) on the relative magnitude (J&)/
(Jp) of the fluctuating component for different dipole-
quadrupole admixtures for a projectile-like fragment
with Z= 9 detected at 45'. The experimental values are
indicated by the hatched area (oz/(J) is independent of
this admixture).
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FIG. 20. Out-of-plane p-ray angular correlations
measured for projectile-like fragments with Z= 5, 6,
and 9 detected at 45 . Zero degree corresponds to the
direction perpendicular to the reaction plane. The full
curves were calculated assuming a 30%%uo dipole admixture
and (J&) /(Jp) = 0.8 for Z= 5 and 6 and (J&)/(Jp) = 0.9 for
Z=9. They give an excellent fit to the experimental
data. The dashed curves, calculated with a 50% dipole-
quadrupole admixture and (J&) /(Jp) = 0.5, reproduce the
measured p-ray anisotropy but fail to fit the experimen-
tal angular correlations.
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polarization, defined here by Pz-= (M/J), with the align-
ment Pzz = z ((M/J) ) —z and with the angle P, the rms
deviation of the orientation of the transferred angular
momentum from the normal to the reaction plane.

momentum is in the heavy partner. Thus, our
conclusions are not dependent on this assumption.

The polarization Pz =- (M/J), the alignment Pzz
= —,'((M/J)') ——,', and the average depolarization
angle p =-cos '(M/J) are plotted in Fig. 21 as a
function of the ratio (Jz)/(J, ). This figure is useful
in relating the results of this experiment to other
experiments in which the alignment may be ex-
pressed in terms other than the ratio of a random
component to an aligned component. After con-
sidering the various uncertainties in the experi-
ment and the analysis, we assign the value (Jz)/(J, )

0 8 0 g which corresponds to Pz =0 ~ -0,20 pzz
=0.46~",,', and P =38",",,. (It should be noted that
there is a large difference between/ ~~ as defined
above and the quantity Pzz =-',(M')/(J') ——,

' when

P~~ deviates significantly from unity. In fact,
Pzz =0.5 when Pzz =0.25. )

It is of interest to consider the various mech-
anisms" "mentioned in the Introduction which
might be responsible for a large component of
random angular momentum. There is one mech-
anism for which quantitative expressions are
available and which may be applied to the present
case in a straightforward manner.

In a recent paper, Moretto and Schmitt" have
considered the thermal excitation of collective
modes such as bending, twisting, wriggling, and
tilting. They assume a configuration at scission
of two touching spheres of equal mass. The ex-
citation of bending and wriggling modes generates
an angular momentum randomly oriented in a
plane perpendicular to the separation axis. The
excitation of the twisting and tilting modes, how-
ever, generates an angular momentum directed

along the separation axis. When combined, these
different modes produce in each fragment an angu-
lar momentum which is to a good approximation
randomly oriented. It is this component of angu-
lar momentum which may contribute to the loss of
the full alignment otherwise expected in the classi-
cal picture (sticking} of angular momentum trans-
fer.

The rms value of the randomly oriented angular
momentum, summed over both fragments, is
given by

(J &) &/a —(2 + ~2) (8 Z )&/& (30)

where 8 is the moment of inertia of one of the
identical fragments and 7 its temperature. The
total average angular momentum imparted to the
fragments, defined as the sum. of the moduli of the
average angular momentum imparted to each
fragment, is given by

(J) = -'(I;)+ (31)

p =sin '( ~' ' ') (33)

The different quantities appearing in Eqs. (30}
through (33) are calculated as follows: For a sym-
metric mass split, the total excitation energy be-
fore particle emission is -67 MeV [Fig. 3(b}j,
which yields an excitation energy 8*=34 Me7 per
fragment. If we take for the level density param-
eter a=A/7. 5 and A=42 for the mass of one frag-
ment, the temperature T =(Z*/a}'" =2.5 MeV.
With ~0 =1.4 fm as the radius parameter the mo-
ment of inertia of one fragment 8 =9.5 O' MeV '.
We have (I,) =68 h for the average incident partial
wave contributing to completely damped colli-
sions. Thus, using Eqs. (30) to (33}, we deduce

(J,) =19.4 5, (Z~')'/' =16.4 }1, (J) =24.2 @, P =43',
oz =9.0 ff, and crz/(J) =0.37. The value (J) =24.2 ff

is somewhat larger than the value of -20 5 de-
duced from the y-ray multiplicity for near-sym-
metric mass splits (Fig. 15}. However, this
calculated value could be brought into better
agreement with the data by taking into account
the effects of deformation in the exit channel.
The ratio of the fluctuating to the ngnfluctuating

where (I,) is the average incident partial wave
contributing to strongly damped collisions. The
first term on the right in Eq. (31) is the average
angular momentum transfer (J,) expected from
sticking, whereas the second term represents
the contribution from thermal excitation of the
collective modes. The variance of 4 is given by

(32)

and the depolarization angle is defined as
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components of the angular momentum, (J&')'"/(J)
=0.85, is in good agreement with our measure-
ment. Combining quadratically the relative width

oz/(J) =0.3 resulting from particle emission
alone [Fig. 18(a)] with the predicted relative width

g~/(P =0.37 arising from the fluctuating compo-
nent of the angular momentum, a value oz/(J)
= 0.47 is obtained for the J distribution in the frag-
ments prior to y decay. This is in excellent
agreement with the measured width a&/(Mz)
=0.48 for the y-ray distribution. Thus, the ther-
mal excitation of collective modes of angular mo-
mentum is a mechanism which can quantitatively
account for the random angular momentum deduced
in the present experiment.

.A microscopic, statistical model of angular mo-
mentum transfer has recently been proposed by
Vandenbosch. " In this picture (as in other models
of this general type) the transfer and exchange of
indivhiual nucleons through a narrow window con-
necting the two heavy ions converts part of the
orbital motion into intrinsic angular momentum.
The Fermi motion of the transferred nucleons is
responsible for generating a randomly oriented
component of angular momenta. Under the assump-
tions made, this model is currently most appro-
priate for quasielastic reactions, i.e. , for small
energy losses and short interaction times, well
before full relaxation is reached.

The effects of zero-point motion of the ground
state on the scattering of heavy ions have been con-
sidered by Esbensen et al." Considering also the
fact that ' Ne is a deformed nucleus, there exists the
possibility that the initial conditions of the scat-
tering process may be at least partly responsible
for a misalignment of the transferred angular mo-
mentum. It would be interesting to have quantita-
tive comparisons of these models with the present
experimental data.

V. SUMMARY

Energy and angular and charge distribution have
been measured for the projectile-like fragments
produced in the reaction of 166-MeV "Ne with
"Cu. These have been analyzed with the pheno-
menological model of Riedel et al." to yield relaxa-
tion times for energy and angular momentum dis-
sipation and the charge diffusion coefficient. Mea-
surements of the y-ray multiplicity, made in co-
incidence with the reaction products for deep in-
elastic scattering, enabled a deduction of the
transferred angular momentum, the magnitude
of which is consistent with the sticking condition
for fully relaxed, deformed fragments in the exit
channel. The small anisotropy in the probability
for y-ray emission in the reaction plane and per-
pendicular to the reaction plane may be explained
by the introduction of a random component of
transferred angular momentum. The deduced
magnitude of the fluctuating component is similar
to that of the aligned component and also accounts
for the large width of the y-ray multiplicity dis-
tribution. The predictions of a model in which a
random component of angular momentum is gen-
erated via thermal excitations of collective modes
of motion are consistent with the experimental
results.
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