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Continuum cross sections and spin polarizations of ' B produced in the reaction"Au('BF, ' B) induced by 186-MeV 'SF were measured. The observed data were repro-
duced very well in terms of a distorted-wave Born-approximation theory, indicating that
this reaction transferrirg as many as seven nucleons proceeds as a direct process.

Recent measurement' of the spin polarization
of the ejectile "8produced in the reaction
'"Mo("N, "B) added a new dimension to the un-
derstanding of the mechanism of heavy-ion reac-
tions leading to continuum excited states. The po-
larization (P) measured as a function of the ener-
gy (E,) of "Brevealed a unique feature character-
ized by a large positive P at the highest Fb, fol-
lowed by a rapid decrease to negative values of P
with decreasing E,. It was recognized' that such
behavior of P is completely opposite to the pre-
diction made by a classical macroscopic model
based on the frictional force. ' A theoretical anal-
ysis~ using an exact-finite-range distorted-wave
Born approximation (EFR-DWBA) achieved a suc-
cessful fit to the data and provided a quantitative
explanation. Two ingredients inherent in the EFR-
DWBA were crucial in reproducing the experi-
mental observation: The transverse recoil eff ect
yields large positive P values for high E„the /-
window effect causes the decrease of P towards
lower F-,. This theoretical finding suggests that
such behavior of P may generally be considered
as a "signature" of a one-step direct reaction.
%e recently studied a one-proton transfer reac-
tion '"Th("C, "B) to corroborate this argument,
and found that the observed P indeed exhibited
the same behavior. '

The study was then extended in order to see
whether the direct-reaction mechanism persists
even in reactions involving much larger mass,
charge, and energy transfers. The reaction
"'Au("F, "B) at 186 MeV was chosen as an ex-
ample of such a deeply inelastic reaction. Sur-
prisingly enough, the same feature was found to
prevail in this reaction. The discussion below is
concerned with this unexpected result.

The experimental procedure was similar to that
of the previous study'; several improvements,
however, were made to cope with complexities in-

volved in the "F-induced reaction. The spin polar-
ization of "8 is determined from the asymmetry
of the p rays in the decay of "B(g.s.) to C(g.s.),
measuring the intensities in the directions of 0'
and 180' with respect to the polarization axis
[defined parallel to the (k, xk&) axis]. The 190-
MeV "F"beam from the Texas ASM cyclotron
was used to bombard a gold target of 5.6 mg/cm'
thickness placed at 45' to the beam (the effective
incident energy is estimated to be 186 MeV as a
result of the energy loss in the target). The beam
was pulsed with 40-ms duration and 130-ms rep-
etition period; the P rays were counted during
the beam-off intervals. The "8 ejectiles scat-
tered at the laboratory angle 25 were implanted
into a platinum stopper foil which was placed
in the vertical external magnetic field. An alu-
minum energy-degrading foil, whose thickness
was varied, was inserted to select the "8 energy
bin. The P rays from the stopper foil were detect-
ed with a pair of threefold plastic counter tele-
scopes placed above and below the stopper. To
compensate for possible asymmetry in the count-
ing efficiencies of the two telescopes, the spin
orientation of the implanted "8wa, s externally re-
versed in every second counting period using the
NMR technique of the fast adiabatic method. For
each thickness of the absorber the measurement
was made both with a 15-pm and with a 5-pm plat-
inum stopper. This, in turn, provided the cor-
rection for the depolarization effect due to the
hyperfine interaction.

In the present reaction, the presence of a large
number of background P emitters was noted in an
independent measurement of charged-particle
spectra using solid-state counter telescopes. Tak-
ing advantage of the large decay energy of "8,
the low-energy threshold of P rays was set high,
typically at 6 MeV, to eliminate a strong contri-
bution from "Fas well as other background. The
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FIG. l. (a) The cross sections d 0/dO dE& of the re-
action '~VAu('~F, ' B) measured at 25 with the incident
energy 186 Mev are shown as a function of the energy
E„of ' B and Q value. The experimental points are
shown by the open circles, and the widths of the energy
bins are indicated by the horizontal bars through these
points. The histogram shows the energy spectrum ob-
tained in a separate experiment using solid-state coun-
ters. The solid lines show the theoretical results,
while the dashed line corresponds to the difference be-
tween the theoretical and experimental cross sections.
(b) The spin polarizationP is also shown in terms of
E&. The errors indicated include the statistics and un-
certainties in the corrections. The theoretical fits are
shown by the solid lines. The dot-dashed line displays
the corrected result of the polarization as discussed in
the text.

112

remaining background from the long-lived activi-
ties such as 'Li, "C, and "N were clearly dis-
tinguished and corrected by observation of the de-
cay curves. This procedure did not allow sepa-
ration of the contribution from "B. In the pres-
ent method, the contamination of "B simply re-
duces the magnitude of the observed P in propor-
tion to its relative cross section; thus the cor-
rection was made from the energy spectra of the
direct charged-particle measurement.

The results for the reaction "Au("F, "B) are
shown in Fig. 1. Figure 1(a) shows that the pres-
ent P-ray measurements are consistent with the

energy spectrum obtained in the direct charged-
particle measurement as shown by the histogram.
It is seen that, contrary to the (' N, "B) reaction
where the enhancement appears near the ground-
state Q value (Q„) (cf. Fig. 2 of Ref. 1), the en-
ergy spectrum of the ("F,"B) reaction exhibits
a characteristic of a strongly energy-damped col-
lision, showing little strength near Q„but con-
siderable strength down to the Coulomb barrier
(Vc). The optimum Q values of —2 0 MeV for the
('~N, "B) reaction and —100 MeV for the ("F,"B)
reaction represent a difference of the degree of
energy damping. In spite of this sharp contrast
in the energy spectra, the behavior of P is sur-
prisingly similar between the two reactions;
compare again Fig. 2 of Ref. 1 and Fig. 1 of the
present article. This result immediately indi-
cates the direct nature of the ("F,"B) reaction.

A theoretical analysis assuming the direct one-
step transfer mechanism was carried out in
much the same manner as in the previous anal-
ysis for the reaction '"Mo(' N, "B). A major
difference in the analysis of the ("F,"B)reac
tion lies in the form of the spectroscopic density,
p, (E„I), derived from Ericson's model' with an
additional spin cutoff factor

p, (E„,I) = (E„/T)' exp[ 1(J+ I)/2-eT) j,
where E„and I denote, respectively, the excita-
tion energy and spin of the state in the residual
nucleus ("4Bi). The moment of inertia of 'Be
around "'Au is denoted by 8, and the temperature
T was set at 10 MeV (corresponding to E„=70
MeV at the peak of the cross section and seven
degrees of freedom in the system).

The calculated results are shown in Fig. 1 by
solid lines. Both the energy spectrum and the po-
larization are reproduced rather well, confirm-
ing our premise that the direct-reaction mecha-
nism prevails in the present reaction. More pre-
cisely, the agreement with experimental results
is particularly good at high E„but a noticeable
deviation begins to take place as F., decreases.
In fact, the theory predicts too small cross sec-
tion and too large magnitude of P in low Eb re-
gion. In Fig. 1(a), the dashed line displays the
difference between the experimental and theoreti-
cal cross sections. It was noticed that the shape
of this dashed line resembles the energy spectra
observed at backward angles (i.e. , beyond 50');
thus, it possibly indicates contributions from
higher-order processes. ' Assuming that this ex-
tra cross section is to be added to the theoretical
cross section obtained above, but with vanishing
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contribution to the polarization, we obtain new
values of P as shown by the dot-dashed line in
Fig. 1(b). Although this new P agrees rather
well with experiment, of course the fit thus ob-
tained should not be taken too seriously until cal-
culations including higher-order processes are
actually performed.

From the results obtained above, we may con-
clude that even for the reaction ("F,"B) the prev-
alence of a one-step transfer mechanism is evi-
dent (at least for large E,), in sharp contrast to
the customary understanding of deeply inelastic
processes. As emphasized previously, the shape
of the energy spectrum of this reaction differs
greatly from that of the usual quasielastic-type
reactions in that it vanishes near Q„and is en-
hanced in the very low-Eb regions. This differ-
ence might be regarded as evidence against the
interpretation of the ("'F,"B) reaction in terms
of the direct-reaction theory. However, it can
be readily explained by considering the angular
momentum transfer and the spectroscopic den-
sity. In this reaction the angular momentum
transfer does not cause severe mismatching over
the entire energy region considered. For in-
stance, the transferred angular momentum at Q
= —l00 MeV (E„=80 MeV) is evaluated to be 405,
for which the spectroscopic density is not much

suppressed; that is, many available states are
expected at such a high E„. Thus, even a one-
step transfer process can provide considerable
cross sections for the region of large energy
losses. On the other hand, the strong E„depen-
dence in p, (E„,I) suppresses the cross sections
in the lower-E„region, yielding a drastically dif-
ferent energy spectrum from that of fewer-nucle-
on transfer reactions. As to the assumption of
the one-step transfer for these seven nucleons,
a direct confirmation of such a clustering phe-
nomena remains an experimental and theoretical
question, It is, however, worthwhile to note that
in light nuclei such as an sd-shell nucleus "Fthe
many-body correlation plays a dominant role, re-
sulting in strong clustering phenomena.

In conclusion, we have presented evidence that
the direct process prevails in a reaction with
large mass, charge, and energy transfers. It is
customary to classify such a reaction as a deeply
inelastic process, in contrast to the quasielastic
process, where the direct-reaction theory is con-
sidered to be applicable. Therefore, the present

result shows that at least some of the so-called
deeply inelastic reactions proceed with a mech-
anism which is not intrinsically different from
that of the quasielastic reactions. This finding
is in concurrence with studies of a variety of con-
tinuum spectra in reactions transferring Q. par-
ticles. '

We wish to thank Y. Sakurada who developed
the heavy-ion source which made possible per-
formance of the experiments. The present work
has been supported in part by the National Sci-
ence Foundation and the U. S. Department of En-
ergy.

Perxnanent address: Institute of Physical and Chem-
ical Research, Wako, Saitama, Japan.

Permanent address: Department of Physics, Kyoto
University, Kyoto, Japan.

Permanent address: Physikalisches Institut, Uni-
versitat Errlangen-Nuxnberg, Erlangen, West Germany.

'K. Sugixnoto, N. Tanaka, A. Mizobuchi, Y. Nojiri,
T. Ninamisono, N. Ishihara, K. Tanaka, and H. Kamit-
subo, Phys. Rev. Lett. 39, 323 (1977); See also N. Taka-
hashi etal. , Phys. Lett. 78B, 39V (1978).

M. Ishihara, K. Tanaka, K. Kammuri, K. Matsuoka,
and M. Sano, Phys. Lett. 73B, 281 (1978) .

J.Wilczynski, Phys. Lett. 488, 484 (1978).
T. Udagawa and T. Tamura, Phys. Rev. Lett. 41,

1770 (1978).
M. Ishihara, T. Shimoda, H. Frohlich, and K. Naga-

taui, Bull. Am. Phys. Soc. 23, 941 (19V8).
6T. Eriosou, Adv. Phys. 9, 423 (1960).
'The basic philosophy on which our application of the

direct-reaction theories to continuum spectra is based
can be found in T. Tamura, T. Udagawa, D. H. Feng,
and K.-K. Kan, Phys. Lett. 66B, 109 (1977); T. Tamura
and T. Udagawa, Phys. Lett. 71B, 273 (1977), and VSB,
189 (1978), which dealt with light-ion reactions, and in
T. Udagawa, B.T. Kixn, and T. Tamura, in Proceed-
ings of the IPCR (Institute of Physical and Chemical Re-
search) Symposium, Hakone, Japan, September 1977,
edited by H. Kamitsubo and M. Ishihara (unpublished),
p. 3, which dealt with heavy-ion reactions. For short,
what we calculated is the cross sections to excite door-
way-type states Since th. e higher-order processes ex-
cite xnore complicated doorway states, the correspond-
ing cross sections are peaked at larger angles and -at

lower ejectile energies.
T. Udagawa, T. Tamura, and B. T. Kixn, Phys, Lett.

82B, 349 (1979); H. Frohlich, T. Shimoda, M. Ishihara,
and K. Nagatani, Bull. Am. Phys. Soc. 23, 941 (1978),
and to be published.

113


