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D. Habs, (¢) R. M Diamond,
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G. J. Mathews, L. G. Moretto, G. U. Rattazzi,
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Abstract
The in-plane and out-of-plane anisotropy has been measured for
y-rays in coincidence with deep-inelastic products from the 1064-MeV
136 197 : ' el
Xe + Au reaction. The Y-ray energy spectra exhibit a bump
corresponding to a dominantly stretched-E2 cascade, but only.a small

out-of-plane anisotropy, indicating a misalignment of the fragment

spins. A simple model is used to extract a rms misalignment angle of

34° + 7°,
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Simple friction models suggest that during deep-inelastic (DI)
reactions the angular momentum transferred into fragment spin should
be normal to the plane 6f1the‘rea§tién. This spin alignment should
yield a strong anisotropy in the out;of—plahe to in-plane intensiﬁy
ratio for the y-rays emitted by'fﬁe fragments'if moéf of the spin is
~carried off ByAst}etcHed quad¥upole (EZ)Ftiénsitions; Large anisotro- _
pies are indeed observ_egi1 for discrete y—tays from light systems

such as 160 + 27

Al. Similariy,ié strong anisotropy is also ex-
pected and has been observed in out-of-plane d—particle2 and sequen-—
tial fission fragment3—5 angular distribufions. In contrast,
measurements6'_9 of continuum y-rays HaQe{yielded relatively small
ariisotropies.

To -account for this béhgvior; two not mﬁtually éxclusivé expiana-
tions have been put forth. On the one hand, the small'contiﬂuum Y—rayv
anisotropy ‘could be due to a depolarization mechanism4’6’7vsimi1af
to that which occurs in the fission process, namel& the e#citation 6f
collective modes carrying aﬁgular momen tum (e.g.,-bendiﬁg'modeé;) On the
other hand, even if the fragment spins are aligned, a small anisotropy
would result if there is a substantial admixture8 of quadrupole and
dipole transitions in the y-ray cascades. The latter explanation may
be more proper for'lightvnuclei where the propbrtion.df dipole Erénsi-
tions present in the continuum y-ray spectra can be large. " Thus, it
is importaﬂ; to investigate more favorablelsyétems where the yhray'
cascade multipolarity is relatively pure and is known, and where 1afge

amounts of angular momentum can be transferred into fragment spin.
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To this purpose, we have studied the 1064-MeV 136Xe + 197Au

reaction. The symmetric DI products from this reaction are rare-earth
nuclei of mass ~160 which are known to be good rotors and have been
shown10 via (HI,xn) reactions to decay mainly by stretched E2 tran-
sitions when formed with large spins. The continuum Y-ray energy
spectra from such nuclei consist of a prominent (80% + 10%) E2

bumplO from 0.6 to 1.5 MeV followed by a higher energy statistical
tail.

In our experiment, both the projectile~ and target-like nuclei
were detected in coincidence with two X-Y position-sensitive parallel-
plate avalanche detectors.ll These 12x12 cm2 detectors have an
intrinsic time resolution of 0.4ns, and were located at 57° and
-37° with respect to the beam axis and at a distance of 30 cm from
the target. The y-rays were detected in four 7.6 c¢m x 7.6 cm Nal
detectors 52 cm from the target. These detectors had an intrinsic
time resolution of 1.5 ns; thus, particle-neutron events could be
separated from the particle~gamma events of interest in the time

2 197

spectra. Self-supporting 185 yg/cm Au targets were placed in

a low-mass target holder which was tilted in such a way that all
detectors had an unobstructed view of the target.
In order to verifylO the amount of E2 component in the y-ray

spectra and its expected anisotropy for the "symmetric products"

154-156

produced in the Xe + Au reaction, we studied Dy nuclei

produced in the 617-MeV 136Xe + Mg compound nucleus reaction.



Representative energy spectra of y-rays detected in coincidence with
the Ge(Li) detector at -150° are shown in Fig. la. Both the 150°
and the 90° raw NaI spectra are characterized by a "bump" of
intensity below 1.2 MeV and above that by a lower intensity
"statistical' tail. This bump in the Y—energy (EY) spectra is
evidence that these Dy nuclei de-excite primarily by rotational
transitions.10 Confirmation of the E2 multipolarity of the transi-
tions in this region comes from measurement of the in-plane
y-anisotropy. Fig. 1b shows the ratios W(150° in)/W(90° in) and
W(90° out)/W(90° in) extracted from the unfolded Nal spectra after
Doppler shift and aberration (solid angle) corrections12 were made.
(The raw data and the unfolded spectra gave the same ratios to within
5%). The observed ratios,W(150° in)/w(90° in), of ~1.4 and ~1.0

for EY below 1.0 MeV and above 2.0 MeV, respectively, are consistent
with previous measurements10 yielding for these nuclei an ~80Y%
stretched E2 composition for the y-rays in the bump region. The ratio
of W(90° out)/W(90° in) doesn't show any marked anisotropy which

is also consistent with the above conclusions.

In the main part of this experiment, we produced DI products from
the 136Xe + 197Au reaction. Those corresponding to a symmetric
division should have masses, and a percentage of E2 transitions
similar to the Dy nuclei. When triple coincidences were detected
for both deep-inelastic fragments and a y-ray in one of the Nal
counters, the positions of the particles, their time-of-flight dif-

ference, EY and the particle—y TAC signal were recorded on magnetic



tape. Assuming a binary reaction mechanism, the Q-value and the
masses of both reaction products were extracted. From elastic scat-
tering, the mass resolution was determined to be 16 amu FWHM. To
define the reaction plane, the coplanarity of both fragments was
restricted to be within + 6°.

In Fig. lc EY spectra from the symmetric DI products
(152 < A < 172) and for Q values between -140 and -280 MeV are shown for
the 90°-out and 90°-in Nal counters. Both Y-ray spectra show the
yrast E2 bump at the same position as observed in the Xe + Mg compound
nucleus reaction. This similarity indicates a rotational spectrum
with predominantly stretched E2 y—r;y transitions in the bump region.
For this range of masses, and for the three’Q-value bins, > ~140 MeV,
-140 to -280 MeV and <-280 MeV, the average y-ray multiplicity ﬁY’ was
measured to be 30,38 and 42, respectively, assuming that 5 y-rays lie
below the 360-keV threshold set off-line to cut out the back-scatter
region. These values indicate a transfer to each fragment of a large
amount of angular momentum (24 -~ 36h , assuming 6 dipole transitions),
though somewhat less than that estimated (44h) from the sticking or
rolling limit for symmetric fragments and for an Qmax of 460h.

To extract the y-anisotropy, the E_ spectra were unfolded, and

Y
corrected for Doppler shift and aberration effects. Since one does
not know which of the two similar fragments emitted the y-ray, these
last two corrections were made in an average way. In Figure 2, the

out—-of-plane and in-plane intensity ratios are plotted as a function

of EY for 152 SA <172 and for three Q-value bins. The error bars



reflect the uncertainties due to statistics, the above corrections and
the unfolding procedure. The ratio W(90° out)/W(90° in) equals
0.75 + 0.1 for EY between 0.8 and 1.6 MeV (the "bump" region), pos-
sibly decreasing slightly with decreasing Q-value. For all values of %
EY, the ratio W(150%in)/W(90° in) is near unity and independent of
Q-value.
Ihe small out-of-plane anisotropy for the bump region (~80% E2)
implies a substantial misalignment of the fragment angular momenta.
The magnitude of this spin misalignment has been estimated by assuming
that the probability function for misalignment is gaussian
ae—(ez/ZOZ)

(o}

(p in the polar angle peaked at 6 = 0. The

angular distributions for dipole and quadrupole y-rays emitted by the
depolarized source was then obtained by folding the theoretical

. . . 13 . . . . . .
angular distributions’ = with this function, weighting by the solid

angle, and integrating over all space. For 80% E2 transitions it was

o

found that a standard deviation, o, of 34° + 7 would reproduce’

the anisotropy data. If the admixture is 70% stretched E2's, then

© Although a larger misalignment has been determined from

continuum y-rays for the Ne + Cu system9 and a smaller one from

discrete y-rays for the 160 + 27Al system,1 these differences

could be explained by the narrower f£-window available for DI reactions o

in light systems and also by the larger background of dipole transi-
. 20 63 9
tions for the Ne + Cu system and the absence of such a back-

ground for the ;60 + 27Al system}



Recently Moretto and Schmittl4 have considered the equilibrium
statistical excitation of bending, twisting, tilting and wriggling
modes which are presumably responsible for the spin depolarizationm.
Utilizing a two-sphere model, they have derived expressions for the
angular momentum associated with each of these modes. The bending and
twisting modes are degenerate in this model and lead to a random

angular momentum I_ whose mean square value is iR = (SST/Z)I/Z,

R

where & is the moment of inertia of one of the fragments and T is the
temperature. The wriggling and tilting motions also produce angular-
momentum components along all three coordinate axes. In this case,

the angular momentum I is not completely random, but is nearly so

and its root mean square value is ik = (14 T/S)l/z. The rms

k

misalignment for these two modes is given by the following expressions:

op = tan_l(;ilsz)llz and g, = sin_l(;E/ASz)l/z

where S is the spin of one of the fragments. Since the modes con-
sidered above are independent, the total misalignment can be obtained
by adding the two standard deviations in quadrature. Using the exper-
imental values of Q and ﬁy’ and assuming rigid moments of inertia to
calculate S and T, one obtains a misalignment, g, of ~35°. Although
the experimental uncertainties are large and the model unsophisticat-
ed, the good agreement between the experimental and theoretical values
indicates that the observed y-ray anisotropies are consistent with the

thermal excitation of collective modes which depolarize the fragment

spins.



In summary, we have established that for symmetric (A = 160) DI
136, . . 197 . .o
products from the Xe + Au reaction, the EY spectra exhibit
an E2 bump and a large ﬁy’ but a small out-of-plane anisotropy. This
provides clear evidence of a depolarization of the fragment angular
momentum during the deep-inelastic process. The extracted misalign-

ment is interpreted in terms of a statistical excitation of various

depolarizing modes.
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

a) y-ray pulse-height spectra of the two in—élane Nal detec-

tors gated by the Ge(Li) detector (see text). The anisotropy

of the y-ray in-plane distribution is evident in the '‘bump"

region (0.6 - 1.2 MeV) in these data. b) The ratios R =

W(150° in)/W(90° in) (squares) and W (90° out)/W (90°

in) (triangles) are plotted as a function of EY. The solid

symbols represent a 400-keV bin in the unfolded y-ray spectra

whereas the open symbols represent a bin from 2 to 10 MeV.

c) y—réy pulse-height spectra emitted by symmetric products
136 197

(152 < A< 172) from the 1064-MeV Xe + Au reaction

detected in the 90° in-plane and 90° out-of-plane Nal

" counters.

The ratios R = W(90° out/90° in) (triangles) and
w(150° in)W(90 in) (squares) are plotted as a function of
Ey for the product mass range 152 < A< 172 at three dif-

ferent Q-value bins,
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