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ABSTRACT

J-ray in-plane to out-of-plane anisotropy and multiplicity are
determined for the 100wo + 165po reaction at’ Ry = 450 MeV. The
mneasurements are made as functions of O-value and 6 & for the coincident
quasi or deeply inelastically scattered ions. Strong correlations of the

aligned angular momentum with-both energy loss and scattering angle are

observed.
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An important aspect of quasi- and deeply inelastic collisions between
two heavy 1ions is the correlation between the observable quantities, such
as the inelasticity or the scattering angle, and the initial impact
parameter, or, equivalently, the orbital angular momentum involved in the
collision. tost frictionall™3 or mean field theoriesA for the dynamics of
such collisions give a unique dependence of the energy loss and scattering
angle on impact parameter. There is considerable experimental evidence
suggestive of such correlation, as for example obtained in a "Wilczynski”
ﬁlot of the double differential cross sectinn as a function of total
kinetic energy (TKE) and scattering angle.® The ridge line of such a plot
can be qualitatively reproduced in theoretical calculations. It has been
suggested6, however, that there may be strong fluctuations 1in the
dependence of the energy loss and scattering angle on initial orbital
angular momentumn due to the effects of zero- point shape vibrations on the

dynamics of the collision. The experiment discussed here is addressed to

this question. 3

During quasi- and deeply inelastic collisions a portion of the initial
orbital angular momentum is transferred to the reaction products, resulting
in angular momentum aligned perpendicular to the reaction planes. The
magnitude of this aligned couponcnt of the angular momentum can be deduced
from fission fragmenr7"9 and gamma ray'@ 1l jp-plane to out-of-plane
anlsotropies. For small energ losses the anisotropy increases rapidly
with increasing energy loss. ~An eventual decrease in the aligned angular
momentum with increasing inelasticity has been observed in some tission

fragment experiments for some systems7 but not in others®:9. A
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determination of the continuum gamma ray anisotropy in the 86y + 166y
system showed the expected rise of the anisotropy with energy loss in the
quasielastic region and a decrease in anisotropy for the most inelastic

evencslo, " Similar results have been obtained more recently for the 165u0 +

165y, 11,

systen All of these measurements have heen performed at a fixed
laboratory scattering angle setting of the detector for the inelastically

scattered particle.

We report here on the first measurement of J-ray in-plane to
out-of-plane anisotropy and J-ray nultiplicity as a function of both
reécgion 0-value and scattering angle. Products from the reaction 1651, +
10040 at Eep = 450 MeV are detected over the angular range fron 55° < €. n.
5.1400. Our previous study of the 86Kr + 166gp reaction at a fixed angle
revealed a decraase in the anisotropy of the continuum J-ray spectrum with
increasing inelasticity. 1In our present work we wished to extend cthese
measurements to backward angles -for a system similar to 86Kr.+ 166gy,
Congiderations of axperimeantal derails led us to use an inverse reaction of
a heavy beam and a lighter target; with these constraints the 165uys +
10044 system ws chosen. A charged particle telescope (solid angle

approximately 0.3 msr) consisting of a 10 pm surface barrier AE and a 100

pm surface barrier E detector was used to measure both target—-like and

projectile-like fraygments. In this wmanner both forward and backward
scattering in the c.m. could be simultaneously observed. J-rays were
detected in  three 3" x 3" 1HaI(Tl) crystals. One of these detectors

(out-of-plane) was placed in a direction perpendicular to the reaction

plane defined by the beam and the particle detector. The other detectors
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were placed in the plane at angles of 45° and 135° with respect to the bean

direction.

Efficiency calibrations for the J-ray detectors were made before and

after the experiment. A graded ahsorber consisting of 1.5 mm Cu and 2 mm

Pb served to make the total detection efficiency for J-rays for Ey > 120

eV energy independent. _fhe analysis began with a mapping of.the double
differential cross section, dZG/deQ, in the TKE-8.,,. b0plane from the
particle detectur davd. At cach laboratory angle five two=dimcnsional
gates in cthe AF-¥ plane were defined, corresponding to Z bins 4 units wide
with the central bin centered on the 72 of the projectile-like or
tarpet—like product. The width of the 2 hingn were determinad by
considering the experimental Z resolution as well as -the need for adequate
statistics in these bins. To each gate, a méan mass, M, was assizned
corresponding to the heaviest stable isotope for the Z in question. Using
this procedure, two-body kinematics were used to determine the c¢.m.
scattering angle and reaction Q-value on an event hy event basie. For each
mass, M, observed at a fixed laboratory angle, onc obt;ins the double
differential cross section along a conic curve which cuts through the
TRE-8. .. plane. With varying mass and laboratory angle, then, one obraing
a family of nested curves. From these curves the ridge points 1n the "TKE
vs 8. W, contour plot can he locatad. Thesge are ghown in Tig. 1. The
reaction (~values are corrected for neutron evaporation from the observed
fragments. The apparent rise ia TKE at the most backward angles is not
understood. The mapnitude the vise is however not vutside of che

experimental uncerctainties. Also shown is the predicted ridge line from



trajectory calculations employing a oneiﬁody.diésipaﬁion mechanism based on
a model of Randrupl? which includes a neck degree of freedon. This model
has heen shownld o be qualitatively successful in reproducing some
features of the 80y 4 'lnga quasi and deeply inelastic scattering,
although it fails to accouﬁt for the full magnitude of the energy loss for
the most deeply inelastic events because of rthe neglect of fragment
deformations. We will use the theoretical correspondence between orbital
angular momentum, {, and (8. ., TKE) values as a coavenient way to label
fhe location of our .me33ured points along the ridge of the TKE~8. .
contour plot. For the purposes that follow we will not depend on the
absolute values of the corresponding ( values but only their relative

location.

We next selected bins along the experimental ridge line of maximum
differential cross section. 'These bins were 60 eV wide in Q (or TKE)
valve in the deeply inelastic region and 30 eV wide in the quasielastic
region. A Z window, six units wide centered 6n the entrance channel was
used. These bins were labeled by the { value for which the theoretical
TKE-8, . values most closely corresponded to the experimental location of
the bin. The J-ray multiplicity was determined by the ratio of the yield

for charged particles in coincidence with J-rays of cy > 100 keV to the

single yield for charged particles. The gamma ray multiplicity and
out—of-plane anisotropy are plotted vesus { wvalue 1in Fig. 2. The
anisacropy values are based om the 95 = 450 jn-plane detector and are

inteprated over J-ray energies between 320 keV and 2600 keV. The

anisotropy for the 8y = 1359 detector exhibits a similar dependence on TKE
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and 8 but suffered from a small normnalization factor discrepancy.

The anisotropy is seen to initially increase with 1increasing energy
loss and decreasing ‘{ value. As one continues along the bend in the
Wilezyaski plot (to smaller.( values) the anisotropy reaches a maximum and
then decreases. . It is important to note that the anisotropy continues to
decrease significantly even after the energy loss has saturated and that
only the angle is changlag as one progresses along the ridge liﬁe of the
EiICzynski ploes 1Iu Lhly region the gamma ray multiplicity however is

practically constant.

We interpret these results in the following way. For small cnergy
losses the aﬁisotropy and gamma ray multiplicity increase with increasing
inelasticity. This dependence has been seen in previous studies both by
gamma ray de-excitation and sequential fission probes. It has a natural
explanation in energy loss mechanisms bhased on -nucleon exchange, wherein
each particle transfer contributes to rhe componsat of angular wuuweuntum
aligned perpendicular to the reaction planc.14’15 The alignment initially
increases rapidly with the number ‘of exchanges because the aligned
component prows approximately linearly with c¢the number of exchanged
particles whereas the randomly oriented componeat of angular momentum
associated wvith the Fermi wmotion grows only with the square voot of the
number of exchanged particles.l3 As one progresses to larger energy losses
the relative motion of the nuclei has decreased at the time of the later
exchanges for a given collision due to the deceleration associated with the

energy losses from previous exchanges. The aligned component per exchange



PAGE 7

decreases while the random contribution from the Fermi motion remains at
the same rate per exchange. In cthis domain the anisotropy will stop
increasing while the gamma ray mwmultiplicity can .continue to increase.
Eventually for the largest energy losses and increasing scattering angles
the orbital angular wmomentum of the contributing partial waves decreases
and the aligned conmponent decreases. Thqs the anisotropy, sensitive to the
aligned component, decreases, while the multiplicity, sensitive to the
total angular mowentum transfer, can remain approxiﬁately constant due to
the continuing buildup of the randomly oriented component frowm the Fermi
motion of each -exchanged nucleon. An addicional randomly oriented
component can arise from collective excitations such as excitation of the
bending mode or of collective excitations of the fragments. Crucial to
an understanding of the decrease in anisotropy with increasing angle is a
corresponding decrease in the f{-value of the dominant contributing partial
waves. We conc}ude from the obseryation of a sizeable decrease in
anisotropy - with increasing angle- that a strong correlation between
scattering  anglé and  impact parvamerer survives the effects of ,ény
fluctuation phenomena pfesent. The establishment of the correlation
between both the observed cenergy loss andiscatcering angle and the initial
impact parameter will enable future determinations of the dependence of
other interestcing quantities such as the mean values and the widths of the

charge and mass distributious on impact parameter.

This work was supported in part by the U.S. Department of Energy. We
are indebted to the staff of the Lawrence Berkeley Lahoratory SuperHILAC,

and especially to if.S. Zisman, for their coorporation and assistance in



making this experiment possible. We

chamber available to us.

+ Present address:

. Germany.

dax Planck Instictute  for Nuclear

also thanlk K:L.

PAGE 8

Wolf for making a

Physics, Heidelberg,

[ ]

r—



h _ PAGE 9

N

Fig. 1 Deflaction function for Mo + Ho System: The full curve is a theoretical
prediction based on the one-body dissipation model of Randrup. The numbers
by full dots alony the curveAindicate {-values. The experimental values
are the most probabhle 0-values for selected Z and 8 cuts.

Fig. 2 Continuum gamma ray anisotfopies (bottom) and nmultiplicities (top) for
selected Q bins as a function of location along the deflection function.
The lower scale givés the {-value of the closest point on the theoretical

curve, and the two rows above the figure give the B. . and Q values for

each point.
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