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I', is contributing positively. Work to test such
a conjecture is also under way.
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Precisely speaking I'~, I'&, and g all depend on the

Q value. This dependence is rather weak, however,
and this is neglected in the present calculations for
simplicity.

~ In principle %0 may differ greatly for normal and non-
normal l 's, particularly if the energy of the incident
particle is low. With energy of the present reaction
the dependence of N 0 on/, whether normal or non-nor-
mal, turned out to be very weak and we used a common
value for all of them.
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angular momentum into intrinsic fragment spins
due to tangential friction. A large nuclear spin
polarization is therefore expected which should
lead to a large y-ray circular polarization if
most of the spin is carried away in cascades of
stretched y transitions.

In general, a y-ray circular polarization of
less than 100%%uq will be found if (i) nonstretched
transitions take part in the y-decay process, if
(ii) nonaligned spin is generated either in the pri-
mary collision or by the emission of light parti-
cles, if (iii) processes with positive and negative
scattering angles contribute to the observed cross
section (which does not exclude a large align-
ment), or if (iv) the two fragments emerge with
opposite spin directions" and emit y radiation of

The circular polarization of the energy-integrated y-ray spectra and the angular corre-
lation of discrete y transitions in coincidence with the light fragments detected at 85 were
measured for the reaction 100-MeV ~60+ Ni. A large nuclear spin polarization and at
least 80% negative-angle scattering are deduced for deep-inelastic events. The decrease
of the circular polarization observed at Q &- 80 MeV is ascribed to increasing positive-
angle contributions to the cross section.

It has been shown that the y radiation emitted
by the excited fragments of deep-inelastic (DI)
heavy-ion reactions is circularly polarized and
that the sense of rotation of the intermediate
complex formed by the colliding nuclei can be de-
termined. ' In the case of 300-MeV "Ar on Ag a
polarization in the direction of the scattering nor-
mal k; & k& was found which established the pre-
dominance of orbiting trajectories leading to neg-
ative classical deflection angles. The measured
value of about 25% y-ray circular polarization
seems to be rather small, however, since large
spin alignment has been observed for the highly
excited primary fragments of DI reactions. ' 4

This alignment is interpreted as resulting from
the transfer of a considerable part of the orbital
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mutually canceling polarization.
In this Letter we report on a study of the reac-

tion 0 on Ni at 100 MeV mhich combines the
measurements of the circular polarization and
the angular correlation of deexcitation y rays in
coincidence with the light fragments. In this may
we distinguish the effects of mechanism (iii) from
those of (i) and (ii) since in the latter cases a re-
duction of the polarization will be accompanied
by a loss of alignment and hence become appar-
ent in the particle-y angular correlation of dis-
crete y transitions. Mechanism (iv) is irrelevant
in this case since we find that the light fragments
contribute little to the total y-ray multiplicity.
In the case of heavier systems such as Ar+ Ag

(Ref. 1) and Kr+ Ag (Ref. 7) where it has been
shown that DI reactions proceed through a stick-
inglike configuration, ' possibility (iv) also seems
to be rather improbable.

In the light-fragment energy spectra from the
100-MeV "0+Ni reaction a DI component has
been observed which is characterized by almost
complete dissipation of the energy above the in-
teraction barrier and a forward-peaked differ-
ential cross section. '

Enriched "Ni and "¹targets of 3 mg/cm'
thickness mere bombarded with 100-MeV "0"
beams of ~ 30 nA provided by the Munich upgrad-
ed model MP tandem Van de Graaff accelerator.
Light fragments were detected by heavy-ion tele-
scopes which consisted of an axial-field ioniza-
tion chamber and a 900-mm' solid-state detector
subtending an angular range of 35'+ 5'. With elec-
tronic AE -E processing the light-fragment atom-
ic number Z was clearly resolved (bZ/Z = 0.04).
The symmetric setup used to measure the y-ray
circular polarization has been described previ-
ously. ' For the angular correlation measure-
ments a 120-cm' coaxial Ge(Li) detector was
used which was placed 9 cm from the target and
approximately normal to the recoil direction in
the coplanar geometry and normal to the reaction
plane in the out-of-plane geometry. Because of
Doppler broadening the energy resolution mas
limited to -0.5%%uo. Furthermore, particle-coinci-
dent y-ray spectra from I-"

z
= 0.3 MeV up to 20

MeV mere measured in and out of the reaction
plane using a 27-cm&& 33-cm NaI spectrometer at
72 cm from the target.

The average y-ray circular polarization P
&

of
the energy-integrated y-ray spectra was evaluat-
ed as described in Ref. 1. The results obtained
from data with reversed direction of the polar-
imeter magnetization showed no deviation beyond
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FIG. l. (a) Particle spectra in coincidence with y
rays, (b) y-ray circular polarization p&, and (c) aver-
age in-plane/out-of-plane intensity ratio of the stretched
quadrupole transitions listed in Table I. Py &0 corre-
sponds to a polarization. in the direction of k; xkf.
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statistical limits and were averaged. The ana-
lyzing power &~(E ) of the polarimeter was weight-
ed by the intensity of the y-ray spectra recorded
with the NaI spectrometer. The average value
A

~
= (2.5+ 0.3)%%uo was found to be independent of Z

and the reaction Q value within these limits. This
result includes the estimated effects of unpolar-
ized background such as y radiation scattered
from the collimators in the polarimeter and neu-
tron-induced y radiation. The polarization val-
ues P

z were derived from the measured counting
rate asymmetry PzAz using Az =2.5%. The iluot-
ed errors represent the statistical uncertainties
ofP A

A drastic change of P~ with the reaction q val-
ue is observed which for the tmo strongest Z
channels is shown in Fig. 1(b). The values of
+ (60+17)% (Z =6) and +88'2, o (Z = 8) for the most
inelastic groups imply a large fragment polariza-
tion along klxkf. I both reaction ch~els Py
decreases to zero with decreasing energy loss
and in the Z = 8 case Pz reaches negative values
for quasielastic events where a predominance of
positive-angle scattering is expected.

The coincident y-ray spectra recorded mith the
large NaI detector yield total multiplicities M z of
6.3 and 4.5 y rays per DI event for Z = 6 and Z = 8,
respectively, in accordance with an earlier
study. ' Total fragment spins of J =155 and 128
which have been derived from these values fit
well into recent systematics" of M &(J). Since in
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a strongly damped collision 7 points approximate-
ly in the direction of the entrance-channel angular
momentum I,-, the positive I'&, measured for DI
events, means L, ~~k, &&k~ and, hence, negative de-
flection angles. Transitions in the light Z = 6 and
8 ejectiles are cleaely seen in the NaI spectra;
their multiplicities, however, are only 0.24+0.03
and 0.20+ 0.04, respectively. Therefore, the
measured circular polarization is essentially that
of the y radiation from the heavy fragment.

The in-plane/out-of-plane anisotropies of dis-
crete y transitions show that down to the last
steps of the decay process following the emission
of one or two light particles and several y rays
the heavy fragments are still aligned with respect
to the scattering normal (Table I)." In the DI re-
gion the weighted average of the in-plane/out-of-
plane intensity ratios of the observed stretched
E2 transitions is I(90')/I(0 ) = 2.6+ 0.5 and 1.5
+ 0.4 for Z =6 and 8, respectively. For smaller
energy losses a tendency towards larger values
is observed similar to that reported' for the "0
+ "Al reaction [Fig. 1(c)]. For the energy inte-
grated y-ray spectra the NaI measurements yield
a smaller anisotropy of I(90 )/I(0') = 1.3 for Z = 6
and Z = 8 which may be caused by different multi-
polarities and nonstr etched transitions.

In the Z = 6 case it is obvious that the polariza-

TABLE I. Measured in-plane/out-of-plane intensity
ratios 1(90')/1(0') of deexcitation y rays following the
bombardment of Ni with 100-Mev O.

-Q
(MeV) y transition' I(90')/I (0 ')"

80-54

"Ni(2'- 0')
BiCu(7/2 9/2 )

Gicu(5/2 3/2 )
5 Nj(2+ 0+)
60N (2+ 0+)
6iCu(7/2 3/2 )

58Ni(2+ 0+)
"Ni(4+- 2+)
66re (2+ 0+)
56Pe(4+ 2+)
"Co(7+- 5+)
56~ (9+ 7+)

Co(9/2 —7/2 )

2.4+ 1.4
4.1+1.1
0.6 + 0.2
2.8+ 0.8
2.6 + 0.9
Q.l + 1.2
1.9+ 0.8
2.1*0.7
1.2 ~ 0.6
1.8+ 1.1
1.8+ 0.8
1.6+ 0.8
1.7+ 0.6'

Transitions between states of lowest excitation ener-
gy for given spins.

"The effect of the finite solid angles of the detectors is
less than 10% in all cases.

cg(E2/'M1) =+ 0.35 (Ref. 11).
6(E'2//M1) = —0.26 (Ref. 12).

TABLE II. Gamma-ray circular polarization for DI
events (Q&Qc+18 MeV). Qopt and Qc are d fined in
the text.

-Qop -@C Polarization (~jp)

(Mev) (Mev) 60+ BNi ~60+6 Ni Average

10
5-10

43
87
34
82
30
29

58
50
47
44
41
9

10+ 84
58+ 10
72+ 22
58+ 20
70+49
21+ 50
54+ 8

70+ 22
88+ 9
59+18
47+ 17.
25+ 89
58+42
45+ 7

52+ 18
45+ 7
64+14
52+ 13
42+ 31
40+ p2
49+ 5

tion and the alignment exhibit opposite trends as
a function of Q. The vanishing polarization for Q
& —30 MeV is accompanied by a large alignment
which means that the polarizations of positive-
and negative-angle contributions cancel. This
balance is in accordance with indications of two
components in the energy spectra found at more
forward angles for which optimum quasielastic
and DI Q values of —25 and —37 MeV were de-
rived. '4 In the Z = 8 case P& is a sensitive meas-
ure of the relative strength of the two contribu-
tions with opposite polarization which evidently
correspond to the two groups appearing in the
spectra [Fig. 1(a)]. Contributions from positive-
angle scattering at Q & —30 MeV are also indicat-
ed by the polarization data for the nitrogen, flu-
orine, and neon exit channels.

For DI events the results of the y-ray circular
polarization mea, surements are summarized in
Table II. To avoid quasielastic contributions the
corresponding Q ranges were chosen as Q &Qc
+ 18 MeV= Q,„,+ 6 MeV. Here Qc denotes the Q

value corresponding to an exit-channel total kinet-
ic energy equal to the Coulomb energy of touch-
ing spheres and Q,p, is the optimum Q value for
DI events as defined by the maxima in the parti-
cle spectra. && is positive for all exit channels.
A variation of I'& with light-fragment Z or with
the target isotope may be indicated but cannot be
established with the present statistics. All data
are consistent with a y-ray circular polarization
of about + 50% for DI events which in the picture
of classical orbits implies a lower limit of 75%
negative-angle scattering.

To permit an interpretation of this value in
view of the measured y-ray multiplicities and
anisotropies we have calculated the average cir-
cular polarization and the angular distributions
for specific y-ray cascades. Particular insight
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is gained from the examples of (a) a stretched
quadrupole cascade starting from a partially po-
larized initial state with spin j and a Gaussian
yp -substrate distribution

P (rn )™exp[- (j — )'/2o'],

and of (b) a partially stretched quadrupole cas-
cade involving two 4j = 0 transitions and starting
from a pure m =+ j initial state. Orientation
along k, xk& is assumed. The angular distribu-
tions are determined by j and cr in the former
and by the spin sequence in the latter example.
Requiring I(90 )/I(0') =2.6 (1.5) for the last tran-
sition as measured for Z = 6 (8) and an initial j
= 10k we obtain a y-ray circular polarization of
Pz = 85% (70/p) in case (a) and, on the other ex-
treme, P& =60% (60%) in case (b). These values
show that even in the case of pure negative-angle
scattering I'& may be considerably smaller than
100%%up and they demonstrate the sensitivity of the
polarization measurement at polar angles be-
tween 20' and 45 to nonstretched quadrupole '

transitions. Several nonstr etched transitions
have been identified in the Ge(Li) spectra and al-
so the early statistical y decay is expected to
proceed partly through nonstretched transitions.
It therefore seems reasonable to follow example
(b) and to interpret the measured average value
of P -50%%up for DI reactions as consistent with

pure negative-angle scattering. An interpreta-
tion along the line of example (a) which excludes
nonstretched transitions leads to a lower limit of
at least 80%%up for the negative-angle component.

Discussions with Dr. J. de Boer are gratefully
acknowledged. This work was supported in part
by the Bundesministerium fur Forschung und

Technologie.

~W. Trautman, J. de Boer, W. Mnnweber, G. Graw,

R. Kopp, C. Lauterbach, H. Puchta, and U. Lynen,
Phys. Rev. Lett. 89, 1062 (1977).

P. Dyer, R. J. Puigh, R. Vandenbosch, T. D. Thom-
as, and M. S. Zisman, Phys. Rev. Lett. 39, 892 (1977).

K. van Bibber, R. Ledoux, S. G. Steadman, F. Vide-
bk, G. Young, and C. Flaum, Phys. Rev. Lett. 88,
SS4 (1977).

H. Ho, R. Albrecht, W. DGnnweber, G. Graw, S. G.
Steadman, J. P. Wurm, D. Disdier, V. Rauch, and
F. Scheibling, Z. Phys. A 288, 285 (1977).

K. Tanaka, M. Ishihara, H. Kamitsubo, N. Takahashi,
A. Mizobuchi, Y. Nojiri, T. Minamisono, and K. Sugi-
moto, J. Phys. Soc. Jpn. , Suppl. 44, 825 (1978).

P. D. Bond, Phys. Rev. Lett. 40, 501 (1978).
'G. Graw, J. de Boer, W. DHnnweber, C. Lauterbach,

H. Puchta, W. Trautmann, and U. Lynen, J. Phys. Soc.
Jpn. , Suppl. 44, S57 (1978).

M. M. Aleonard, G. J. Wozinak, P. G1Kssel, M. A.
Deleplanque, R. M. Diamond, L. G. Moretto, B. P.
Schmitt, and F. S. Stephens, Phys. Rev. Lett. 40, 662
(1978).

R. Albrecht, W. DQnnweber, G. Graw, H. Ho, S. G.
Steadman, and J. P. Wurm, Phys. Rev. Lett. 34, 1400
(1975).

J.B. Natowitz, M. N. Manboodiri, P. Kasiraj,
R. Eggers, L. Adler, P. Gonthier, C. Cerruti, and

T. Alleman, Phys. Bev. Lett. 40, 751 (1978).
B.L. Auble, Nucl. Data Sheets 16, 1 (1975).
R. L. Auble, Nucl. Data Sheets 20, 827 (1977).

~3Strong in.-plane correlations of discrete transitions
in the heavy fragment which might obscure the interpre-
tation of the measured in-plane/out-of-plane aniso-
tropies are not expected because of the statistics in-
volved in averaging over large Q bins, i.e., over sev-
eral MeV of excitation in the continuum of the excited
heavy fragments. This was confirmed in the similar
system 0+ Ti at 95 MeV where the in-plane correla-
tion was found to be isotropic within the experimental
uncertainty of 20~jo for the Q ranges as given in Fig.
1(c) (H. Puchta et al. , to be published).

B. L. McGrath, T. M. Cormier, D. F. Geesaman,
J. W. Harris, L. L. Lee, and J. P. Wurm, in Proceed-
ings of the Symposium on Macroscopic Features of
Heavy-Ion Collisions, Argonne, Illinois, 1976, edited
by D. G. Kovar, ANL Report No. ANL/PHY-76-2 (un-
published), Vol. II, p. 681.

1777


