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Compound-nucleus contributions to 6Li1 12C scattering
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Statistical compound-nucleus contributions to enhanced back-angle cross sections for6Li 1 12C elastic
scattering and for inelastic scattering to the channels,6Li ~31, 2.18 MeV! 1 12C~g.s.! and 6Li ~g.s.!
1 12C~21, 4.44 MeV!, are studied. Differential cross sections and vector analyzing powers in the range
Qc.m.'130°–165° have been measured atEc.m. 5 20 MeV by detecting recoil12C nuclei from 6LiW elastic
scattering and inelastic scattering to the6Li ~31, 2.18 MeV! state. Adding a statistical compound-nucleus
contribution is shown in general to reduce the magnitude, and to leave unaffected the sign, of theoretical
calculations of vector analyzing powers. Analysis, including Hauser-Feshbach calculations, of the above data
along with previous data indicates that compound-nucleus contributions are unimportant in the elastic and
inelastic 6Li ~2.18 MeV! scattering channels, and are insufficient to resolve discrepancies between current
coupled-channels calculations and large-angle data for inelastic12C~4.44 MeV! scattering.
@S0556-2813~96!04412-3#

PACS number~s!: 24.60.Dr, 24.70.1s, 25.70.Bc
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Numerous measurements@1–6# of elastic scattering be
tween light heavy-ion systems have shown a large-angle
hancement in cross section over that expected for stro
absorbing systems. This enhancement has been attribut
either single nucleon, or cluster transfer, in cases where
difference between the projectile and target mass equals
mass of the required transferred particle. For example,9Be
1 12C elastic scattering@3# has a significant contribution
from 3He transfer at large angles. For the case of6Li 1
12C, not only does the elastic scattering have a larger t
expected cross section at large angles, but so does the
tering to either6Li ~2.18 MeV! 1 12C~g.s.! or 6Li ~g.s.! 1
12C~4.44 MeV!. Two recent works@1,7# have suggested tha
the enhanced back-angle cross sections in elastic, or in
tic, scattering can be attributed to compound-nucleus con
butions when the difference between the projectile and ta
in the system is neither a single nucleon nor a small clu
nucleus such as3He or 4He.

The present work explores statistical compound-nucl
contributions to6Li 1 12C scattering cross sections and ve
tor analyzing powers at 30 MeV (Ec.m. 5 20 MeV!, where
Kerr et al. @8# have recently completed a coupled-chan
~CC! analysis of extensive data sets measured with both
larized and unpolarized6Li beams for the elastic channe
and for two inelastic channels,6Li ~31, 2.18 MeV! 1
12C~01, g.s.! and 6Li ~11, g.s.! 1 12C~21, 4.44 MeV!. New
data is presented that extends measurements of vector
lyzing powers~VAP! for elastic scattering of 30 MeV6LiW on
12C from the previously reported@9# largest center-of-mas
angle of about 130° to 165°. Measurements of differen
cross sections and VAP in this angular range are also
tended to the inelastic6Li ~2.18 MeV! 1 12C~g.s.! channel.
These data were measured using an experimental system
laser-pumped ion source beam whose characteristics
540556-2813/96/54~6!/3273~4!/$10.00
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the same, excepting the following details, as those repo
previously in the work of Kerret al. @10#. Scattered6Li par-
ticles are quite low in energy at these large angles, mak
particle separation of the scattered6Li from the much more
prolific a particles difficult with our previously used
DE2E detection system. Consequently, the large-an
measurements reported here were obtained by detecting
recoil 12C particles at lab angles from 6.8°–24° and th
applying kinematics to convert these results to the6Li 1
12C system. Thet10 beam polarization was 1.066 0.08.
These data include energy averaging over' 55 keV in the
center-of-mass frame resulting from the energy spread of
6Li beam and energy losses in the self-supporting natu
carbon targets of thickness 100mg/cm2. A typical spectrum
is shown in the top half of Fig. 1. The bottom half of Fig.
shows the results of subtracting the scattering data with
spin down orientation from spin up. This difference is a me
sure of the VAP at this angle. The VAP were determined
each angle from the measured yields. Errors in the meas
VAP reflect the counting statistics and, for the6Li ~2.18
MeV! data, the need to subtract a continuum background
is present.

Angular distributions that include the differential cro
sections and VAP measured in this work along with d
from previous works@9,11–13# are shown in Fig. 2 for6Li
1 12C elastic scattering and for inelastic scattering leading
the 6Li ~31, 2.18 MeV! 1 12C~01, g.s.! and 6Li ~11, g.s.! 1
12C~21, 4.44 MeV! exit channels. Figure 2 also displays th
results of coupled-channels~CC! calculations by Kerret al.
@8# for these scattering channels. The CC predictions ge
ally agree with the differential cross sections measured
these three scattering channels except for a significant di
gence in the 12C~4.44 MeV! channel at center-of-mas
angles greater than 60°, where the data at many angles
3273 © 1996 The American Physical Society
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ceeds the calculated cross sections by at least an order
magnitude. Published large-angle excitation functions@14#
show only small variations with energy of the inelastic
12C~4.44 MeV! cross sections nearEc.m. 5 20 MeV, so that
the order-of-magnitude discrepancy between the data and
CC calculations cannot be attributed to a nearby resonance
fluctuation.

A Hauser-Feshbach~HF! @15# calculation has been per-
formed in order to examine the statistical compound-nucleu
contributions to the cross sections for6Li 1 12C scattering at
Ec.m. 5 20 MeV. The calculations have been performed us
ing the computer codeHELGA @16#. Decay channels leading
to excitations in 10 residual pairs are included in the calcu
lations. Excitation energies, spins, and parities of low-lyin
discrete levels in the heavier nucleus of each residual pa
were taken from standard compilations@17#. In the con-
tinuum region, the level density has been computed from th
composite level-density formula of Ref.@18# with parameters
that were determined using the methods described in R
@19#. Transmission coefficients were determined from
optical-model parameter sets@11,20–27# which have been
extracted from elastic scattering data. The calculations i
clude critical upper limits,l c 5 9 for the orbital angular
momentum in the entrance channel andJc 5 10 for the total
angular momentum, with which the sums over transmissio
coefficients yield a formation cross section that equals th
measured6Li 1 12C fusion cross section atEc.m. 5 20 MeV
@28#. Cutoffs on the orbital angular momenta, in addition to
those imposed byJc , for cluster evaporation channels~ejec-
tile mass A> 3! can also be used to ensure that the sums
transmission coefficients in these channels reproduce the
sion cross sections for the time-reversed reactions@29#. We
have not applied additional angular momentum cutoffs to th
evaporation channels from the fusion of6Li 1 12C since we
have determined that the changes generated by such cuto
are comparable to the uncertainties in our HF cross sectio

FIG. 1. Energy spectra of12C recoil nuclei detected in a single
DE2E detector from6Li 1 12C scattering atEc.m.5 20 MeV. The
top spectrum was measured with an unpolarized6Li beam. The
lower spectrum is the result of subtracting a spectrum measur
with a spin-down orientation of the polarized6Li beam from a
spin-up spectrum.
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which include the uncertainties in the level-density para
eters@19# and the error introduced by using an optical-mod
parameter set derived fromn 1 16O scattering@20# for then
1 17F evaporation channels. The results of the HF calcu
tions, shown in the left side panels of Fig. 2, are estimated
predict the energy-averaged compound-nucleus cross
tions within a factor of 2 for the three6Li 1 12C exit chan-
nels. In the elastic channel, where the cross sections are
described by the CC calculations, the compound-nucl
component is predicted to be negligible at all angles exc
for those in the range fromQc.m.'100° to 110°. There its
magnitude is only 10 to 20% of the measured cross secti
The compound-nucleus contribution is unimportant also
the inelastic6Li ~2.18 MeV! 1 12C~g.s.! cross sections. The
HF cross sections calculated for the12C~4.44 MeV! channel
are not significant at center-of-mass angles forward of 6
At larger angles, the HF cross sections are comparabl
magnitude to those from the CC calculations, yet the in
herent sum of the two greatly underestimates the obse
cross sections.

The effect of adding a Hauser-Feshbach compou
nucleus contribution to the usual direct term does not app
to be well known in the case of analyzing powers. Followi
the notation of Stephenson and Haeberli@30#, we define ana-
lyzing powersTkq(Q,E), energy-averaged over fluctuation
by the ratio:

Tkq~Q,E!5^skq~Q,E!&/^s00~Q,E!& ~1!

wherein

^skq~Q,E!&5skq
D 1skq

HF ~2!

is an incoherent superposition of the direct~D! and
compound-nucleus~HF! terms. The polarized ‘‘cross sec
tions’’ for odd k-values have zero compound-nucleus term
Consequently, for oddk-values and in particular, therefore
for vector analyzing powers:

Tkq5Tkq
D S 11

s00
HF

s00
D D 21

~3!

in which Tkq
D is the analyzing power from the direct term

alone~i.e.,skq
D /s00

D ). For oddk values, the analyzing power
are damped by the multiplicative factor in brackets so t
uTkqu<uTkq

D u with the equality arising only whens00
HF50.

The observed values ofTkq will be vanishingly small when-
evers00

HF@s00
D , or of course whenTkq

D vanishes. There are
no correspondingly simple rules for even values ofk since
skq
HF is not in general equal to zero fork 5 2, 4, etc.
The result expressed by Eq.~3! provides an independen

and complementary method for determining if the enhan
cross sections observed at large angles for6Li 1 12C scat-
tering can be explained by including a statistical compou
nucleus contribution in the theory. Large and oscillato
VAP are observed in all three exit channels; see Figs. 2~b!,
2~d!, and 2~f!. The CC calculation of Kerret al. @8# predicts
the sign and maximum magnitudes of the data for both
elastic and the inelastic6Li ~2.18 MeV! scattering channels
In contrast, the CC prediction for the12C~4.44 MeV! chan-
nel, see Fig. 2~f!, oscillates out of phase with the data
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FIG. 2. Comparison of results from Hauser-Feshbach~HF! and coupled-channels~CC! calculations to differential cross sections and VA
measured for6Li 1 12C scattering atEc.m.5 20 MeV. The CC calculation results are from Ref.@8#. The incoherent sums of the CC and H
calculations are also shown.~a! Measured differential cross sections are from Ref.@11#. ~b! Vector analyzing powers~VAP! for elastic
scattering. The data are from Ref.@9#. ~c! Differential cross sections for scattering to the6Li ~31, 2.18 MeV! 1 12C~01, g.s.! channel. The
forward-angle data are from Ref.@12#. ~d! VAP for scattering to the6Li ~2.18 MeV! channel.~e! Differential cross sections and~f! VAP for
scattering to the6Li ~11, g.s.! 1 12C~21, 4.44 MeV! channel. The data are from Ref.@12#.
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several angular regions beginning most notably
Qc.m.'60°, which is also where the summed CC and H
cross sections initially diverge from the enhanced differen
cross sections. Adding a HF component produces a m
significant reduction at large angles in the magnitudes of
oscillations of the VAP calculated for12C~4.44 MeV! scat-
tering than for the scattering in either of the two other ch
nels. However, the calculations for12C~4.44 MeV! scattering
still predict large and positive VAP in the region from
Qc.m.'60° to 80°, whereas the VAP measured for this
gion are large and negative. Adding an even larger HF co
ponent to the calculation could improve its description of
measured cross sections, but it would not change the sig
the calculated VAP and, thus, resolve the discrepancy w
the data. Consequently, a mechanism other than statis
t
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compound-nucleus must be considered as the source o
enhanced12C~4.44 MeV! cross sections at back angles.

The large vector analyzing powers observed at b

angles for6LiW 1 12C elastic scattering and inelastic scatte
ing to the 6Li ~2.18 MeV! 1 12C~g.s.! and 6Li ~g.s.! 1
12C~4.44 MeV! channels limit the magnitudes of possib
statistical compound-nucleus contributions to these sca
ing channels. Together, this result and the Hauser-Fesh
analysis provide strong evidence that compound-nucl
contributions cannot explain the enhanced cross sections
served at large angles in these6Li 1 12C scattering chan-
nels.

This work was supported by the Department of Ener
the National Science Foundation, and the State of Florid



.
d

b

s,

h,

.

t,
s

.

J.

.

s

J.
s

r,

h,

e

er,

nd

ys.

r,

-

3276 54BRIEF REPORTS
@1# R. M. Anjos, N. Added, N. Caulin, L. Fante, Jr., M. C. S
Figueira, R. Matheus, E. M. Szanto, C. Tenreiro, A. Szanto
Toledo and S.J. Sanders, Phys. Rev. C49, 2018~1994!.

@2# A. Barbadoro, F. Pellegrini, G. F. Segato, L. Tuffara, I. Ga
rielli, M. Bruno, Phys. Rev. C41, 2425~1990!.

@3# J. F. Mateja, A. D. Frawley, P. B. Nagel, and L. A. Park
Phys. Rev. C20, 176 ~1979!.

@4# H. Takai, K. Koide, A. Bairrio Nuevo, Jr., and O. Dietzsc
Phys. Rev. C38, 741 ~1988!.

@5# W. von Ortezen and H. G. Bohlen, Phys. Rep.19C, 1 ~1975!.
@6# L. Jarczyk, J. Okolowicz, A. Strzalkowski, K. Bodek, M

Hugi, J. Lang, R. Muller, and E. Ungricht, Nucl. Phys.A316,
139 ~1979!.

@7# J. Carter, Z. Z. Vilakazi, R. W. Fearick, V. Hnizdo, E. Muska
K. W. Kemper, D. E. Trcka, and S. P. Van Verst, Nucl. Phy
A591, 349 ~1995!.

@8# P. L. Kerr, K. W. Kemper, P. V. Green, K. Mohajeri, E. G
Myers, B. G. Schmidt, and V. Hnizdo, Phys. Rev. C54, 1267
~1996!.

@9# E. L. Reber, K. W. Kemper, P. V. Green, P. L. Kerr, A.
Mendez, E. G. Myers, and B. G. Schmidt, Phys. Rev. C49,
R1~1994!.

@10# P. L. Kerr, K. W. Kemper, P. V. Green, K. Mohajeri, E. G
Myers, D. Robson, and B. G. Schmidt, Phys. Rev. C52, 1924
~1995!.

@11# M. F. Vineyard, J. Cook. K. W. Kemper, and M. N. Stephen
Phys. Rev. C30, 916 ~1984!.

@12# M. F. Vineyard, J. Cook, and K. W. Kemper, Phys. Rev. C31,
879 ~1985!.

@13# E. L. Reber, K. W. Kemper, P. V. Green, P. L. Kerr, A.
Mendez, E. G. Myers, B. G. Schmidt and V. Hnizdo, Phy
Rev. C50, 2917~1994!.
o

-

.

,

.

@14# B. R. Fulton and T. M. Cormier, Phys. Lett.97B, 209 ~1980!.
@15# W. Hauser and H. Feshbach, Phys. Rev.87, 366 ~1952!.
@16# S. K. Penny, computer codeHELGA ~unpublished!.
@17# F. Ajzenberg-Selove, Nucl. Phys.A460, 1 ~1986!; A449, 1

~1986!; A506, 1 ~1990!; A490, 1 ~1988!.
@18# A. Gilbert and A. G. W. Cameron, Can. J. Phys.43, 1446

~1965!.
@19# L. C. Dennis, A. Roy, A. D. Frawley, and K. W. Kempe

Nucl. Phys.A359, 455 ~1981!.
@20# J. S. Petler, M. S. Islam, R. W. Finlay, and F. S. Dietric

Phys. Rev. C32, 673 ~1985!.
@21# E. Fabrici, S. Micheletti, M. Piganelli, F. G. Resmini, R. D

Leo, G. D’Erasmo, and A. Pantaleo, Phys. Rev. C21, 844
~1980!.

@22# W. W. Daehnick, J. D. Childs, and Z. Vrcelj, Phys. Rev. C21,
2253 ~1980!.

@23# R. N. Glover and A. D. W. Jones, Phys. Lett.16, 69 ~1965!;
18, 165 ~1965!; 19, 493 ~1965!.

@24# W. Bohne, H. Homeyer, H. Lettau, H. Morgenstern, J. Sche
and F. Sichelschmidt, Nucl. Phys.A154, 105 ~1970!.

@25# G. C. Ball and J. Cherny, Phys. Rev.177, 1466~1969!.
@26# G. Bassani, N. Saunier, B. M. Traore, J. Raynal, A. Foti, a

G. Pappalardo, Nucl. Phys.A189, 353 ~1972!.
@27# J. Cook, M. N. Stephens, and K. W. Kemper, Nucl. Ph

A466, 166 ~1987!.
@28# L. C. Dennis, K. M. Abdo, A. D. Frawley, and K. W. Kempe

Phys. Rev. C26, 981 ~1982!.
@29# J. Czanski, W. Zipper, M. Siemazko, W. Du¨nnweber, W. Her-

ing, D. Konnerth, W. Trombik, K. G. Bernhardt, K. A. Eber
hard, and R. Vandenbosch, Nucl. Phys.A542, 278 ~1992!.

@30# E. J. Stephenson and W. Haeberli, Nucl. Phys.A277, 374
~1977!.


