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Primary-Fragment Angular Momenta in Deep-Inelastic Reactions
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y-ray multiplicities (M &) and energies (E&) associated with identified products of com-
pletely damped collisions of 287-MeV Ar with 89& are analyzed to determine the angu-
lar momenta of the primary heavy fragments. Extending the analysis to the system 175-
MeV Ne+Ag allows a comparison which indicates that different partial waves contri-
bute in these two nearly identical composite systems at almost the same excitation ener-
gy and that the transition from fusion-evaporation to deep-inelastic reactions occurs
over a wide range of partial waves.

A determination of the angular momentum
transfer in strongly damped collisions offers the
possibility of exploring in detail the frictional
forces acting between the two reaction partners.
At least three recent experiments' ' suggest that
a rigidly rotating dinuclear complex may be
formed in the final stages of such collisions. y-
ray multiplicity measurements can be used to
elucidate the question of angular momentum
transfer is a reliable transition from the ob-
served multiplicities to the primary-fragment an-
gular momenta can be obtained. The extraction
of the primary angular momentum is complicated
by the fact that prompt continuum y rays from
both partners of the deep-inelastic reaction are
detected. As the asymmetry of the mass split
increases, the excitation energies and the angu-
lar momenta of the two fragments can be very
different. As a result, approximations such as
the assumption of 10GFo stretched iluadrupole radi-
ation are not generally sufficient to extract angu-
lar momenta with accuracy adequate to test vari-
ous reaction models.

In this work we use measurements of the aver-
age total multiplicities (M &) and average energies
(E&) to extract the average y ray multi-plicities
(M &)„of the heavier partners of the deep-inelas-
tic reactions in the system "Ar+ "Y at 237 MeV.
We then employ data on (i' &) from fusion reac
tions to derive the angular momenta of the pri-
mary heavy fragments. The analysis is extended
to the data' on the reactions of 175-MeV "Ne with
Ag. A comparison of the two systems indicates
that different partial waves lead to the detected
product in each case. Further, the results indi-
cate that competition between fusion-evaporation
and deep-inelastic processes occurs aver a wide
range of partial waves

Three 3-in. &3-in. NaI detectors placed at 35',
90', and 145' relative to the incident beam direc-
tion were employed to detect the y rays in coin-

cidence with reaction products detected in a de-
tector telescope employing a gas ionization &E
detector. Time-of-flight discrimination was used
to separate the prompt y radiations from neu-
trons. The methods of analyzing the pulse-height
spectra to determine (Mz) and (Ez) are essential-
ly those of Pleasonton et a~.~ and Banaschik e~ cd. '
and are reported in detail elsewhere. "

Multiplicities and energies were determined
from measurements taken with the detector tele-
scope at 50' and 60' with respect to the incident
beam direction, on the opposite side of the beam
from the NaI detectors, in the same plane as the
NaI detectors. One measurement was made with
the telescope at 50' in a plane perpendicular to
the plane of the NaI detectors. This latter meas-
urement showed a decrease of approximately 3(Po

in the coincidence rate of the 90' NaI detector.
If alignment of the product angular momenta per-
pendicular to the reaction plane were complete
and the y-ray cascades were stretched this meas-
urement suggests approximately equal mixtures
of dipole and quadrupole radiations.

The average multiplicities (M z) and average
energies (Ez) are presented in Fig. 1 as a func-
tion of the atomic number of the identified reac-
tion product. Also presented for comparison are
data for the multiplicities reported for the reac-
tions of 175-MeV "Ne with Ag, in which essen-
tially the same composite system is produced
with almost the same excitation energy. Thus the
differences in the observed multiplicities already
indicate differences in the angular momenta of the
reaction products.

A conversion of multiplicities to average angu-
lar momenta is possible in principle if there are
sufficient calibration data available. Such data
would be the variation of (M z) with product mass,
average angular momentum, and excitation ener-
gy. In Fig. 2(a), a contour diagram is presented
in which recent measurements of (i'�&) are pre-
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FIG. 2. (a) Contours of constant (M7) from the de-
excitation of fusion products, in the A- (P plane, with
selected intermediate va1ues. (Data from Hefs. 6—11
and 15). (b) Recent data on (E&) from the de-excitation
of fusion products; from Hefs. 6—11 and 15.
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FIG. l. Average multiplicities (M&) and average en-
ergies (F&) of products of completely damped reactions
of 227-MeV 4OAr with +Y (solid circles) and (N ~) from
Ref. 2 for 175-MeV ' Ne with Ag (open circles).

sented as a function of the mass and the average
angular momentum of the de-exciting nucleus. ' "
The values of (J) are determined either from
cross-section data or from a Bass-model calcu-
lation" of the limiting angular momentum for fu-
sion.

It is clear from this figure that the y-ray mul-
tiplicities are relatively sensitive to angular mo-
mentum for masses ~ 70 amu and relatively in-
sensitive to angular momentum at lower masses.
Presumably this insensitivity at lower masses
reflects the importance of the particle emission
cascade as a means of angular momentum dissi-
pation. '

The excitation energies of the compound nuclei
for which data are presented in Fig. 2(a) vary
considerably. Since the multiplicity for a par-
ticular (4) will also depend somewhat on the ex-
citation energy, it would clearly be advantageous
to have additional data to construct a more re-
fined (M &) versus (8) calibration plot. However,
in view of the fact that thermal equilibrium ap-
pears to be a very good assumption in completely
damped collisions, ' '~ the excitation energies of
the heavier reaction products studied here should
in fact be quite comparable to those for which the
multiplicity data presented in Fig 2(a) wer.e tak-
en. We emphasize that even though the angular

momenta are to be determined from measure-
ments of (M7), the effects of particle emission
are also taken into account by the calibration
technique.

Fortunately, the total multiplicities can, in
fact, be separated into the multiplicities (M7)s
and (M&)z, associated with the heavy and light
fragments, respectively. This is made possible
by the fact that the average y-ray energies of the
products of interest in this investigation are a
function of the mass number. This is illustrated
in Fig. 2(b) where various data on the average en-
ergies (E~) for fusion reactions are presented as
a function of the mass of the y-decaying nucle-
us.""'"We a,ssume that these (E7) values are
also applicable to the strongly damped fragments
studied in the present work. If the angular mo-
mentum distributions of the fragments are very
different from those of the fusion residues, the
values of (Mz)s and (Mz)~ derived below could
be affected somewhat. Experimental clarifica-
tion of this point would be very useful.

We assume that the mass of the detected frag-
ment corresponds to the line of P stability and
therefore that both masses may be determined
from the measured atomic number with sufficient
accuracy to determine the average energies (E&)n
from Fig. 2(b). We then use the relationships

to extract the multiplicities (iVI &)„and (Mz)r, from
the smooth lines through the data of Fig. l.

The results of this analysis are presented in
Fig. 3 for the reactions of 237-MeV "Ar with "Y.
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FIG. 2. Individual product y-ray multiplicities (M &)0
and (M&)z, derived as described in the text, for 287-

V 40A ~89~

The solid circles in that figure represent the mul-
tiplicities (M &)„of the heavier reaction partner.
For large mass asymmetries, the major fraction
of the y rays clearly result from the heavier
products. The lighter partners have low multi-
plicities, 2 to 3, over a wide mass range as is
expected from the data in Fig. 2. As mass sym-
metry is approached, the sudden decrease in
(M7)„and the increase in (M&)~ occur near en-
trance into a mass region where the multiplicity
becomes more sensitive to mass changes and
less sensitive to angular momentum changes.

Combining the data for (M7)„with the ca,libra. -
tion data presented in Fig. 2 allows us to fix the
angular momenta of the heavier primary frag-
ments. The solid line in Fig. 4 represents the
variation of the heavy-fragment angular momen-
tum with fragment atomic number for the reac-
tions of 237-MeV Ar with "Y. Since the sensi-
tivity of (tiI &)„ to angular momentum is less near
symmetry, a better estimate of the angular mo-
mentum at symmetry may result from the short
extrapolation of the smoothly varying angular mo-
mentum curve as is indicated.

In addition, the reaction of "Ne with Ag at 175
MeV leads to an almost identical composite sys-
tem and excitation energy as the reaction of 237-
MeV "Ar with "Y. Since the y-ray multiplicity
of the lighter fragment is very insensitive to an-
gular momentum, the measured values of (Mz)

FIG. 4. The average angular momenta (J)s of pri-
mary heavy fragments produced in deep inelastic reac-
tions of 287-MeV 4 Ar with 9Y (solid line) and of 175-
MeV Ne with Ag (dashed line). Both lines are extra-
polated in the region of symmetry. The dotted line in-
dicate the values of (J)„which would result from parti-
cular initial values of l if the system may be repre-
sented as two touching, rigidly rotating spherical nu-
clei.

for the ' Ne+Ag reaction may be corrected using
the (M7)1, values from Fig. 3. As a result, (4„
may also be determined for this reaction system.
The dashed line in Fig. 4 shows the results of
this analysis.

A comparison of the values of (4)„ in Fig. 4
with the heavy fragment multiplicities in Fig. 3
indicates that the ratio (J)„/(M7)„(which in-
cludes angular momentum removed in the particle
cascade) ranges from 1.8 to 2.8. This emphasiz-
es the importance of having sufficient calibration
data so that arbitrary assumptions about the mul-
tipolarity mixutre of the y cascade may be avoid-
ed. In contrast, the differences of 1.5 to 2.0
units in the values of (M7)„ for the two reaction
systems translate to differences of (3 to 4)& in
(As indicating that the additional y rays emitted
from the higher angular momentum fragments
produced in the reactions "Y("Ar,X) are, in
fact, quadrupole y rays.

It is of interest to compare the angular momen-
ta derived from the experimental data with those
predicted by the assumption of a rigidly rotating
dinuclear system consisting of two spheres in
contact. The dotted lines in Fig. 4 show the an-
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gular momenta to be expected for various inci-
dent partial waves leading to the dinuclear sys-
tem. As has been suggested by Glassel e~ a~. ,
the results suggest either that angular momen-
tum transfer is not complete or that lower par-
tial waves lead preferentially to the more asym-
metric mass split. "'" The present experiment
cannot directly distinguish between these possi-
bilities. However, in both reaction systems the
data are taken at angles where damping of the
initial kinetic energy is complete, indicating that
in each case the rotating dinuclear system has
achieved a dynamic equilibrium which would be
expected to include the sharing of angular momen-
tum.

While a more accurate shape parametrization
might modify the calculated curves somewhat,
the results suggest that partial waves of 50 to 90
lead to the observed products in the "Ar+ "Y
case while partial waves of 40 to 80 contribute
in the ' Ne+Ag system Fi.ssion of compound
nuclei may contribute to the observed variation
with angular momentum.

For the reactions of "Ar with 89Y at 237 MeV,
the evaporation-residue sharp cutoff limit, based
on interpolations of experimental cross sections, "
should be 73@. ln the ' Ne+Ag reaction at 175
MeV, the corresponding limit is 57+. Strongly
damped collisions would be expected to be most
likely above these limits. A comparison of the
lower limits of the angular momenta leading to
deep-inelastic reaction products with the sharp
cutoff limits for evaporation residues indicates
that there is a large region of overlap between

the partial waves leading to fusion evaporation
and those leading to deep inelastic reactions.
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