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Compound-nucleus contributions to ®Li + °C scattering
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Statistical compound-nucleus contributions to enhanced back-angle cross sectiéh$ for'’C elastic
scattering and for inelastic scattering to the channéls(3*, 2.18 MeV) + 'C(g.s) and °Li(g.s)
+ 12C(27", 4.44 MeV), are studied. Differential cross sections and vector analyzing powers in the range
®.m~130°-165° have been measuredeat, = 20 MeV by detecting recoit?C nuclei from 8Li elastic
scattering and inelastic scattering to thi(3*, 2.18 Me\) 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 5Li(2.18 Me\) scattering channels, and are insufficient to resolve discrepancies between current
coupled-channels calculations and large-angle data for inef£&{d.44 Me\) scattering.
[S0556-28186)04412-3

PACS numbd(s): 24.60.Dr, 24.70ts, 25.70.Bc

Numerous measuremenits—6] of elastic scattering be- the same, excepting the following details, as those reported
tween light heavy-ion systems have shown a large-angle empreviously in the work of Keret al.[10]. ScatterecfLi par-
hancement in cross section over that expected for strongliicles are quite low in energy at these large angles, making
absorbing systems. This enhancement has been attributed garticle separation of the scatterdi from the much more
either single nucleon, or cluster transfer, in cases where therolific « particles difficult with our previously used
difference between the projectile and target mass equals th®E—E detection system. Consequently, the large-angle
mass of the required transferred particle. For examf®  measurements reported here were obtained by detecting the
+ 12C elastic scattering3] has a significant contribution recoil *2C particles at lab angles from 6.8°—24° and then
from 3He transfer at large angles. For the case®bf + applying kinematics to convert these results to fiié +
12C, not only does the elastic scattering have a larger thad’C system. Thet;, beam polarization was 1.06 0.08.
expected cross section at large angles, but so does the sc@kese data include energy averaging owes5 keV in the
tering to either®Li(2.18 MeV) + '2C(g.s) or °Li(g.s) +  center-of-mass frame resulting from the energy spread of the
12C(4.44 MeV). Two recent work$1,7] have suggested that °Li beam and energy losses in the self-supporting natural
the enhanced back-angle cross sections in elastic, or inelasarbon targets of thickness 1@@/cm?. A typical spectrum
tic, scattering can be attributed to compound-nucleus contriis shown in the top half of Fig. 1. The bottom half of Fig. 1
butions when the difference between the projectile and targeshows the results of subtracting the scattering data with its
in the system is neither a single nucleon nor a small clustespin down orientation from spin up. This difference is a mea-
nucleus such asHe or “He. sure of the VAP at this angle. The VAP were determined at

The present work explores statistical compound-nucleusach angle from the measured yields. Errors in the measured
contributions to®Li + °C scattering cross sections and vec-VAP reflect the counting statistics and, for tHi(2.18
tor analyzing powers at 30 MeVE( ,, = 20 MeV), where  MeV) data, the need to subtract a continuum background that
Kerr et al. [8] have recently completed a coupled-channelis present.

(CC) analysis of extensive data sets measured with both po- Angular distributions that include the differential cross
larized and unpolarizedLi beams for the elastic channel sections and VAP measured in this work along with data
and for two inelastic channelsiLi(3", 2.18 MeV) +  from previous work§9,11—13 are shown in Fig. 2 fofLi
C(0", g.s)and®Li(17, g.s) + 1C(27, 4.44 MeV). New 4+ 12C ejastic scattering and for inelastic scattering leading to
data is presented that extends measurements of vector anfe 6Li(3*, 2.18 MeV) + 2C(0*, g.s)and®Li(1*, g.s) +
lyzing powers(VAP) for elastic scattering of 30 MeVLi on ~ 12C(2*, 4.44 Me\) exit channels. Figure 2 also displays the
12C from the previously reportef] largest center-of-mass results of coupled-channe{€C) calculations by Keret al.
angle of about 130° to 165°. Measurements of differentia(8] for these scattering channels. The CC predictions gener-
cross sections and VAP in this angular range are also exally agree with the differential cross sections measured for
tended to the inelastifLi(2.18 Me\) + '%C(g.s) channel. these three scattering channels except for a significant diver-
These data were measured using an experimental system agence in the '2C(4.44 Me\) channel at center-of-mass
laser-pumped ion source beam whose characteristics weeangles greater than 60°, where the data at many angles ex-
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which include the uncertainties in the level-density param-

1000k RCCLiPOYLi Eq = 30MeV 1 eters[19] and the error introduced by using an optical-model
B 800 ©,,= 16 parameter set derived from+ %0 scatterind20] for then
g 2.18 MeV + YF evaporation channels. The results of the HF calcula-
S 600y 3 tions, shown in the left side panels of Fig. 2, are estimated to
;_j‘é predict the energy-averaged compound-nucleus cross sec-

tions within a factor of 2 for the threéLi + 1°C exit chan-
nels. In the elastic channel, where the cross sections are well
described by the CC calculations, the compound-nucleus
component is predicted to be negligible at all angles except
for those in the range fro® . ,,~100° to 110°. There its
magnitude is only 10 to 20% of the measured cross sections.
The compound-nucleus contribution is unimportant also to
the inelastic®Li(2.18 MeV) + '%C(g.s) cross sections. The
1 HF cross sections calculated for th&C(4.44 MeV) channel
300 700 500 are not significant at center-of-mass angles forward of 60°.
Channel At larger angles, the HF cross sections are comparable in
magnitude to those from the CC calculations, yet the inco-
FIG. 1. Energy spectra of’C recoil nuclei detected in a single herent sum of the two greatly underestimates the observed
AE—E detector fromPLi + 12C scattering aE.,, = 20 MeV. The  cross sections.
top spectrum was measured with an unpolariZed beam. The The effect of adding a Hauser-Feshbach compound-
lower spectrum is the result of subtracting a spectrum measurefycleus contribution to the usual direct term does not appear
with a spin-down orientation of the polarizetli beam from a o he well known in the case of analyzing powers. Following
Spin-up spectrum. the notation of Stephenson and Haebfg80], we define ana-
lyzing powersT(®,E), energy-averaged over fluctuations,
ceeds the calculated cross sections by at least an order By the ratio:
magnitude. Published large-angle excitation functipb4
show only small variations with energy of the inelastic Tig(0,BE)=(0wo(0,E))/(00(O,E)) D
12C(4.44 MeV) cross sections nedf;,, = 20 MeV, so that wherein
the order-of-magnitude discrepancy between the data and the
]E|:C calqulatlons cannot be attributed to a nearby resonance or (0O ,E))= UEq+ O_EqF )
uctuation.
A Hauser-FeshbactHF) [15] calculation has been per- js an incoherent superposition of the diret®) and
formed in order to examine the statistical Compo“”d‘nUdeUEompound-nucleu$HF) terms. The polarized “cross sec-
contributions to the cross sections fiiri + *2C scattering at  {jons for odd k-values have zero compound-nucleus terms.

Ecm. = 20 MeV. The calculations have been performed us-consequently, for odét-values and in particular, therefore,
ing the computer codeEeLGA [16]. Decay channels leading ¢or vector analyzing powers:

to excitations in 10 residual pairs are included in the calcu-

R.- R. (Counts)

lations. Excitation energies, spins, and parities of low-lying UgOF -1
discrete levels in the heavier nucleus of each residual pair qu=TEq 1+ —D) 3)
were taken from standard compilatioh%7]. In the con- %00

tinuum region, the level density has been computed from the . D . .
composite level-density formula of R¢fL8] with parameters in Wh'(_:h Tig 1S I’ghe analyzing power from the _dlrect term
that were determined using the methods described in Reflone(i-e., aig/ago). For oddk values, the analyzing powers
[19]. Transmission coefficients were determined fromare damped by the multiplicative factor in brackets so that
optical-model parameter sefg1,20-27 which have been |Tkd=<|Tkg With the equality arising only whem;=0.
extracted from elastic scattering data. The calculations inThe observed values dfq will be vanishingly small when-
clude critical upper limits//; = 9 for the orbital angular €ver og> o, or of course whe, vanishes. There are
momentum in the entrance channel ald= 10 for the total N0 correspondingly simple rules for even valueskadince
angular momentum, with which the sums over transmissiorar,t'qF is not in general equal to zero fér= 2, 4, etc.
coefficients yield a formation cross section that equals the The result expressed by E) provides an independent
measuredfLi + *C fusion cross section &, ,, = 20 MeV  and complementary method for determining if the enhanced
[28]. Cutoffs on the orbital angular momenta, in addition tocross sections observed at large angles®dr + C scat-
those imposed by, , for cluster evaporation channdlgiec-  tering can be explained by including a statistical compound-
tile mass A= 3) can also be used to ensure that the sums ofiucleus contribution in the theory. Large and oscillatory
transmission coefficients in these channels reproduce the fl¥AP are observed in all three exit channels; see Figs), 2
sion cross sections for the time-reversed reactj@® We  2(d), and Zf). The CC calculation of Keret al. [8] predicts
have not applied additional angular momentum cutoffs to théhe sign and maximum magnitudes of the data for both the
evaporation channels from the fusion&fi + 2C since we elastic and the inelastiLi(2.18 Me\) scattering channels.
have determined that the changes generated by such cutoffs contrast, the CC prediction for th#C(4.44 MeV) chan-

are comparable to the uncertainties in our HF cross sectiorrel, see Fig. &), oscillates out of phase with the data in
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FIG. 2. Comparison of results from Hauser-Feshb@tf) and coupled-channe(€C) calculations to differential cross sections and VAP
measured fofLi + °C scattering aE. ,, = 20 MeV. The CC calculation results are from R]. The incoherent sums of the CC and HF
calculations are also showfe) Measured differential cross sections are from R&1]. (b) Vector analyzing power§VAP) for elastic
scattering. The data are from RE9]. (c) Differential cross sections for scattering to thid (31, 2.18 Me\) + *2C(0", g.s) channel. The
forward-angle data are from Réfl2]. (d) VAP for scattering to théLi(2.18 MeV) channel.(e) Differential cross sections ar(f) VAP for
scattering to théLi(1*, g.s) + 2C(2", 4.44 Me\) channel. The data are from R§1L2).

several angular regions beginning most notably atompound-nucleus must be considered as the source of the
0. ,~60°, which is also where the summed CC and HFenhancedC(4.44 MeV) cross sections at back angles.

cross sections initially diverge from the enhanced differential The large vector analyzing powers observed at back
cross sections. Adding a HF component produces a morgngles foréLi + 2C elastic scattering and inelastic scatter-
significant reduction at large angles in the magnitudes of thﬁ1g to the SLi(2.18 MeV) + *2C(g.s) and SLi(g.s) +
oscillations of the VAP calculated fot*C(4.44 MeV) scat- 12C(4.44 MeV) channels limit the magnitudes of possible
terllng|_'|[han for t?he sca}ttelnr;g n %%g?;f Z];,trl\]/le i\/’)\'o ottf:er. Chan'statistical compound-nucleus contributions to these scatter-
nels. mowever, e caicuations ' €V) scattering ing channels. Together, this result and the Hauser-Feshbach

still predict large and positive VAP in the region from analysis provide strong evidence that compound-nucleus

SRZrGeOIartOeS:nd \r’]\':eégsé’ tzg d\i/nAParTgs:#r;? fgrr :gscéfr'](_:ontributions cannot explain the enhanced cross sections ob-
9 9 9 - Adding an ger served at large angles in theSki + '°C scattering chan-
ponent to the calculation could improve its description of the

measured cross sections, but it would not change the sign o
the calculated VAP and, thus, resolve the discrepancy with  This work was supported by the Department of Energy,
the data. Consequently, a mechanism other than statisticlie National Science Foundation, and the State of Florida.
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