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The angular momentum dependence of large fragment production in long lived reactions is
studied by measurements of fragment cross sections from reactions with substantially different an-
gular momentum distributions and the coincident y-ray multiplicity distributions. The results in-
dicate that the primary /-wave distributions move to larger mean values and decrease in width
and skewness with increasing mass symmetry in the decay channel. The results also confirm that
the partition of angular momentum in kinetic energy relaxed heavy-ion reactions is that expected

for a rigidly rotating intermediate.

One of the fundamental difficulties in the interpretation
of heavy-ion reaction data is the large range of angular
momenta involved. This inevitably leads to questions con-
cerning how the possible or observed exit channels are dis-
tributed within the angular momentum window. An ex-
ample of this is the study of the tangential component of
the frictional force utilizing the transfer of angular
momentum from relative motion into intrinsic spin. Such
studies often involve comparing reaction times to the
times required to reach the equilibrium rigidly rotating
condition. Although rigid rotation provides a clear signa-
ture in the mass asymmetry dependence of the magnitude
of the transferred spin for a fixed or narrow initial /-wave
distribution, "2 this signature is obscured by a mass asym-
metry fractionation of a wide initial /-wave distribution.>*

In this work we investigate the /-wave distributions
which contribute to different exit channel charge asym-
metries in long lived reactions. (We do not distinguish be-
tween statistical decay of a completely fused compound
nucleus and long lived deep inelastic reactions. We will,
however, compare experimental results to equilibrium cal-

culations for reasons which will be mentioned later.) Two -

experimental techniques are used in this study. First,
fragment cross sections from two reactions with substan-
tially different angular momentum windows are com-
pared. Second, complete y-ray multiplicity (M,) distri-
butions are obtained as a function of charge asymmetry
for one of these reactions. This last feature is an impor-
tant improvement over previous studies which, at best,
determined reliably only the first and, on occasion, the
second moments*® of the M, distributions.

The two systems compared in this work are 782 MeV
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9Nb+ °Be and 200 MeV +Sc+%Cu. The experimental
results for the >Nb+°Be system have been previously
published.” The new experimental data reported here in-
volve the *Sc+ %3Cu system. Self-supporting *Cu target
foils (enriched to 99.7% in the mass 65 isotope and
320-450 pg/cm? thick) were bombarded with a 200 MeV
43Sc beams from the Holifield Heavy-Ion Research Facili-
ty. In this experiment the intermediate mass fragments
were detected by two large solid angle telescopes with ion
chambers as the AE detectors and Si(Li) as the E detec-
tors. Each Si(Li) detector consisted of four strips (1.1
cmXx4.6 cm) that were position sensitive in the long direc-
tion. The telescopes subtended 18° in the laboratory sys-
tem, and each was centered at 40° and 55° from the beam
direction at different times during the experiment.

The spin spectrometer® served as the y-ray detector and
measured simultaneously M,, the total y-ray deexcitation
energy and the y-ray angular correlations. In this experi-
ment 70 of the 72 detectors were used, covering 94.5% of
4r sr. The data were processed to distinguish y rays from
neutron pulses (utilizing time-of-flight information) and
to unfold the total y-ray pulse height versus number of y-
ray hits (k) to yield total E, vs M, (see Ref. 8 for the de-
tails of these procedures).

Table I lists several quantities that are useful for com-
paring these systems. The completely fused systems have
atomic numbers of 4 =102 and 110 with similar excita-
tion energies (see below) but vastly different values for the
critical angular momentum for fusion, /3 In both cases
the bulk of the reaction cross section is expected to fuse.
In order to bias against the smaller nonequilibrated com-
ponents, the data discussed here are those collected near
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TABLE I. Quantities characterizing the reactions of interest.

Eiab E*  l® :
System  (MeV) CN (MeV) () In® x° y¢
Nb+ °Be 782 102Rp 78 34 43 0.40 0.05
$Sc+%Cu 200 '"snp 94 70 80 045 0.17

®The critical angular momentum for fusion given by the Bass
model (Ref. 12).

YThe maximum angular momentum for a grazing collision.

°x =Z2/50A.

dy -ZIzcn‘/A 7/3'

6c.m.~90°, which is far behind the classical grazing an-
gles (25° behind for the **Sc+ %Cu system). Due to the
above arguments, as well as the inherent simplicity, we
will compare these data to equilibrium calculations.
However, for present purposes, we believe that it is imma-
terial whether the mechanism is true compound nucleus
decay, deep inelastic reaction products, or a mixture of
these. In a forthcoming paper in which excitation func-
tions are presented, we deal with the time scale for these
reactions.

Large fragment production in the kinetic energy re-
laxed component of low energy reactions is controlled by
the relative energy cost of producing critical decay
configurations of different mass asymmetries. These ener-
gies, which have been called a ridge line potential,® to-
gether with a few statistical parameters, will determine
the decay probabilities of a compound nucleus. For reac-
tions which are not equilibrated in the mass asymmetry
degree of freedom, the ridge potential is still of fundamen-
tal importance; however, the reaction time and diffusion
rates also play an important role. The inset in Fig. 1
shows the topology of a surface composed of ridge line po-
tentials as a function of angular momentum for the com-
pound system ''%Sn. These barriers are calculated with
the finite range (FR) corrected rotating-liquid-drop model
of Ref. 10, extended to consider the asymmetric condi-
tional saddles. A system restricted to low angular mo-
menta is only sensitive to the region which exhibits a
broad region around symmetry of rather large barriers.
The corresponding cross sections will reflect this shape
with plummeting cross sections with increasing atomic
number until the barrier plateau is reached, after which
the cross sections will remain constant. On the other
hand, a system with angular momenta extending to larger
values will respond to generally smaller barriers; thus,
larger cross sections will be observed and, if sufficient an-
gular momentum is present, to the stable symmetric sad-
dle. The last feature is the characteristic of heavy element
fission and leads to increasing yields as symmetry is ap-
proached. .

These are exactly the trends observed for the low and
high spin systems (Fig. 1). This indicates that the barrier
surface has the general topology shown in the inset and
that the ©*Nb+ °Be system is restricted to the low spin re-
gion while the ¥*Sc+ 3Cu system is not. A knowledge of
heavy-ion and fission reactions makes these results rather
transparent and therefore not at all surprising. However,
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FIG. 1. Measured differential cross sections for the

45Sc+ 55Cu (solid symbols) and *>Nb+°Be (open symbols) sys-
tems. The solid lines are the result of the equilibrium calcula-
tions described in the text. For these calculations, a level densi-
ty parameter of @ =A4/7.1 was used. The inset is a surface plot
of the asymmetry and angular momentum dependent barrier for
110Gy decay calculated with FR corrected rotating liquid drop
model.

what is not known is the nature of the /-wave distributions
contributing to each decay channel. We now turn our at-
tention to this subject.

As mentioned earlier, the y-ray data were analyzed to
provide M, and the total y-ray energy, as well as the indi-
vidual y-ray energies. The experimental M, distributions
for selected elements from the *3Sc+5°Cu system are
shown in Fig. 2(a). The distributions for the low Z ele-
ments are broad with the most probable values being
significantly greater than the average values. As the
atomic number increases, the M, distributions become
narrower and more symmetric, with lower mean M,
values.

In order to relate the M, distributions of Fig. 2(a) to
transferred spin distributions, we must investigate the dis-
tribution of y-ray multipolarities emitted in the reaction.
We have not undertaken a detailed study of this point.
We can, however, answer the question of what asymmetry
region is consistent!! with a preponderance of stretched
E?2 transitions. The y-ray angular distributions in the
plane perpendicular to the beam for elements that are
more than one charge removed from 8 show the distinctive
stretched E 2 form.!? The distributions for nitrogen and
fluorine indicate an increased proportion of multipolarities
other than stretched E 2 and that for oxygen shows no an-
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FIG. 1. Measured differential cross sections for the

#8c+ 9Cu (solid symbols) and **Nb+°Be (open symbols) sys-
tems. The solid lines are the result of the equilibrium calcula-
tions described in the text. For these calculations, a level densi-
ty parameter of @ =A/7.1 was used. The inset is a surface plot
of the asymmetry and angular momentum dependent barrier for
1105y decay calculated with FR corrected rotating liquid drop
model.

what is not known is the nature of the /-wave distributions
contributing to each decay channel. We now turn our at-
tention to this subject.

As mentioned earlier, the y-ray data were analyzed to
provide M, and the total y-ray energy, as well as the indi-
vidual y-ray energies. The experimental M, distributions
for selected elements from the **Sc+%Cu system are
shown in Fig. 2(a). The distributions for the low Z ele-
ments are broad with the most probable values being
significantly greater than the average values. As the
atomic number increases, the M, distributions become
narrower and more symmetric, with lower mean M,
values.

In order to relate the M, distributions of Fig. 2(a) to
transferred spin distributions, we must investigate the dis-
tribution of y-ray multipolarities emitted in the reaction.
We have not undertaken a detailed study of this point.
We can, however, answer the question of what asymmetry
region is consistent'! with a preponderance of stretched
E 2 transitions. The y-ray angular distributions in the
plane perpendicular to the beam for elements that are
more than one charge removed from 8 show the distinctive
stretched E 2 form.'? The distributions for nitrogen and
fluorine indicate an increased proportion of multipolarities
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FIG. 2. (a) Experimental y-ray multiplicity distributions (M,) in coincidence with He, Li, Be, C, Ne, S, and Ti fragments. The
M, distributions have been normalized to 1000. The distributions have been shifted on the ordinate by the values indicated in the
figure. (b) Calculated transferred spin distributions for the same elements as (a). The curves are normalized and offset in the same

fashion as for (a).

gular dependence at all. This variation of the multipolari-
ties present is undoubtedly due to the influence of the
N =50 shell in the heavy partner. The complementary
fragment to %0 is *Moso (the most probable sequential
decay is 2n).

The similarity of the y-ray angular distributions, when
the fragment is not close in charge to oxygen, suggests
that the functions that convert M, to transferred spin,
Is+1,, should be similar. On the other hand, around
Z =8, the conversion function may be substantially
different.

The discussion above indicates that the transferred an-
gular momentum does in fact decrease as the fragments
become more mass-symmetric. This conclusion is rein-
forced by recalling the conclusion reached from Fig. 1,
that the symmetric fragments from the Sc+ %Cu sys-
tem result from large angular momenta. The trend of a
strongly decreasing fraction of the total spin transferred to
the fragments is that expected if the partition is frozen at
arigidly rotating configuration. In this case the fraction is
determined by the ratio of the moments of inertia,
f=(T34+T4)/(T3+T4+T,o), where I; are the moments
of inertia of the two fragments and that for relative
motion. This fraction is a minimum at symmetry and ap-
proaches 1 in the large asymmetry limit of one fragment
with all the mass. This is the argument which has been
used previously to argue for a rigidly rotating intermedi-
ate in deep inelastic reactions.

The information which has not been available previous-
ly is contained in the full distributions shown in Fig. 2. In
an effort to understand these distributions, we will use the
traditional fission transition state formalism extended to
explicitly treat the mass or charge asymmetry coordi-
nate.”!> This model has been used in previous complex
fragment emission studies at both low*!*!> and intermedi-
ate!%17 energies.

The main difference between the present calculations
and those reported in previous low energy works is that
the mass asymmetry and angular momentum dependent

barriers for fragments with Z>2 come from a finite
range corrected liquid drop model rather than from a
sphere-sphere or a spheroid-spheroid model. This im-
provement removes the distance between centers of the
nearest fragments as a free parameter. This variable was
adjusted in previous works in order to obtain agreement
between the experimental total kinetic energy (TKE) and
the sum of the Coulomb and relative rotational energies of
the fragments. A minor modification in the model calcu-
lation is that multistep emission is now included. Emis-
sion from any of the light particle decay products in a
5(Z)x5(N) block of the Segre chart (CN in the upper
right corner) is considered.

The calculated primary /-wave distributions contribut-
ing to several selected decay channels are shown in Fig. 3.
As the decay channel asymmetry decreases, the contribut-
ing /-wave distribution moves to larger average values and
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FIG. 3. Calculated initial /-wave distributions for selected
exit channels for the *Sc+ %Cu system.
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becomes narrower. These trends can again be understood
by inspecting the inset in Fig. 1. The corresponding cross
sections are shown as solid lines in Fig. 1. The agreement
is quite good over most of the asymmetry range for both
systems. The cross sections for creating symmetric or
near symmetric fragments are more than three orders of
magnitude higher for the 43Sc+ %Cu system than for the
9Nb+%Be system. This difference is due to the larger
angular momenta available in the **Sc+%Cu system.
The influence of the excitation energy was studied by run-
ning the calculation for the *>Nb+ °Be system at the exci-
tation energy of the *“*Sc+ %Cu system. This resulted in
an increase in the symmetric cross sections by only a fac-
tor of 2.

In order to calculate the transferred spin, we assume
rigid rotation of two spheres separated by 2 fm. We have
also included fluctuations in the transferred spin.'® The
resulting calculated I3+ 1,4 distributions are shown in Fig.
2(b). The rigid rotation model inverts the distributions
from those in Fig. 3. (High Z.values with large mean /
values have low mean I3+14 values, while low Z values
with low mean / values have high mean I3+1,) On the
other hand, the trends in the widths and, to some extent,
the skewnesses are preserved. (Low Z products have
broad asymmetric distributions while high Z products
have narrow, nearly symmetric distributions.)

Comparisons of the experimental distributions, Fig.
2(a), to the calculated ones, Fig. 2(b), indicate that the
model does reproduce the main experimental features.
The agreement between the trends in the mean values of
the calculated (I3+14) and the measured (M,) distribu-

tions supports the rigid rotation model. The favorable
comparison between the calculated and experimental
widths and skewnesses does indicate that the forms of the
primary /-wave distributions are similar to those shown in
Fig. 3 (The larger the fragment, the more symmetric the
decay; the narrower is the contributing primary /-wave
distribution.) In this regard, we must mention that the in-
clusion of the fluctuations!® is essential in order to repro-
duce the widths of the /-wave distributions near symme-
try. This result agrees with the conclusion of the previous
works in which widths were reported.>® However, unlike
the full distributions shown in Fig. 2, these earlier studies
did not reveal any significant trends in the higher mo-
ments with charge asymmetry.

In summary, we have shown that the exit channel frag-
ment spin distributions retain information on the primary
l-wave distributions contributing to these exit channels.
The information is contained in the higher moments of
these distributions. The relation between mean values is
less direct due to the strong dependence on mass asym-
metry of the magnitude of the unobserved exit channel or-
bital angular momentum. )
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