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The first complete set of analyzing powers for any nuclear §riimaam is reported. Analyzing powers and
elastic cross section are presented fbie(’Li,’Li) “He at the two center of mass energies of 11.5 and 16.5
MeV. An optical model analysis of these data shows the need for spin-orbit and second rank tensor potentials
in addition to real and imaginary central potentials. The inclusion of triton transfer improves the description of
the large angle elastic scattering cross section but has little impact on the calculated analyzing powers. The
description of the third rank analyzing poweis;; andiT sz is poor at small angles, and no combination of
potentials including a large third rank potential is able to describe them. No real evidence for the presence of
a third rank potential is found.
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[. INTRODUCTION were not as well described as in the Fresnel scattering re-
gime.
The pioneering studies of polariz&dLi scattering by the In addition to their different shapes, the other major dif-

Hamburg-Heidelberg-Marburg group found two remarkableference between the Li isotopes is their nuclear spins. For
results. The first was that the measured vector analyzin§Li the ground state spid=1, whereas for’Li, J=3/2.
power was of opposite sign fdiLi and ’Li elastic scattering This has important consequences for the spin observables
[1]. The second was that the elastic second rank tensor an#¥at can be measured for the two isotopes. For nuclei of spin
lyzing power for ’Li scattering was much larger than that for J=1 only analyzing powers up to and including the second
SLi scattering[2,3]. Both sets of data were taken at energiesrank tensor exist, whereas for nuclei of splr=3/2 third
where the scattering was of the Fresnel type so that semiclagank tensor analyzing powers may be measured in addition to
sical models could be applied to them. The second rank terthe vector and second rank tensor. Previously, the only third
sor analyzing power results provided clear evidence for scarank analyzing power that has been measured’fdorscat-
tering from the nonspherical part of thdLi mass tering is 'Tgg, for both the the Fresngl7] and Fraunhofer
distribution. Later coupled-channels calculations showed thdi] scattering regimes. In both caség,;, was found to be
the vector analyzing powers arise from virtual excitationvery small (essentially zero for the Fraunhofer scatteying
coupling between the projectile states rather than from and virtually structureless.
spin-orbit potential. While T, could be well described for the Fresnel data
With the availability of higher-energy polarized Li beams, (44 MeV’Li+2%Sn), to date no calculation has been able
it became possible to obtain analyzing power data in theo fit this analyzing power for the Fraunhofer data
Fraunhofer scattering regime. Measurements of cross se¢44 MeV’Li+2°Mg). Tungateet al. [7] found that they
tions and analyzing powers for the elastic scattering ofwere able to obtain a good description bBf, for the “Li
7i+12C at about 20 MeV[3,4] and ®'Li+%Mg at 44  +1205n elastic scattering without the need for a third rank
MeV [5,6] were obtained. While the second rank tensor anatensor potential. Coupled-channels calculatifi8] for the
lyzing powers for 'Li were still considerably larger than ’Li+?*Mg elastic scattering produced large, highly oscilla-
those for®Li there was no clear contrast between the vectottory "T,, angular distributions, in contrast to the measured
analyzing powers of the two isotopes, with both exhibitingvalues.
considerable oscillatory structure. However, the vector and The mativation for the current work is threefold. First, by
second rank tensor analyzing powers could still be undermeasuring a complete set of third rank analyzing powers we
stood in terms of channel couplings to the excited states andlished to establish whethatl the third rank analyzing pow-
the deformed shape ofLi. The vector analyzing powers ers are small, as T4, is a “composite” analyzing power
formed by combiningTg; andiTs;. Thus, it may be small
due to cancellation of these two analyzing powers. Coupled
*Present address: National Institute for Occupational Safety anwith this, we also wished to establish whether the third rank
Health, Morgantown, WV 26505. analyzing powers remain small for a light target suclids
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and at a higher relative bombarding energy than the previouated 85 cm chamber, and 26 cm of gas to the center of the
measurements. Secondly, we wished to investigate the quelselium-filled chamber. For the 16.5 MeV c.m. analyzing
tion as to whether a third rank tensor potential was necessapower measurements, the FSU Superconducting Linear Ac-
to describe third rank analyzing powers. Using simpl¢  celerator provided additional acceleration to 47.6 MeV,
cluster folding arguments, Mukhopadhyay al. [9] postu-  which was reduced to 45.5 MeV within the helium target
lated the existence of a third rank tensor potential of seconglolume. All the analyzing power data reported here were
derivative Woods-Saxon form. However, as mentionedaken in the helium-filled chamber, while the beam polariza-
above, Tungatet al.[7] found no evidence of the need for tion on target was measured in the 85 cm scattering chamber.
such a potential to describ&T, for 44 MeV ‘Li+12%n Two AE-E silicon surface barrier telescopes, placed sym-
elastic scattering. Again, we wished to establish whether thignetrically on each side of the beam, were arranged to rotate
finding still holds for lighter targets and in the Fraunhoferabout the center of the helium-filed chamber. The collima-
scattering regime. Finally, there is the question of the physition system on each telescope subtended a polar angular
cal origin of the third rank analyzing powers; what processwidth of 0.8 °. The angular calibration of the detectors was
or processes actually generates them? We leave this questiestablished by normalizing the relative yields to the absolute
to a future investigation employing continuum-discretized-cross section angular distribution reported by Bingletral.
coupled-channeléCDCC) calculations. [16] for a+°Li at E.,=11.1 MeV. An unpolarized®Li

The present work reports the first complete set of elastibeam from the Cs sputter source was used for this angular
scattering analyzing powers measured for a spin 3/2 projeazalibration. TheAE thickness was chosen such that the scat-
tile. Complete sets of analyzing powers including the fulltered ’Li and recoil *He nuclei could be distinguished at all
third rank were measured at the two center-of-mass bomangles, allowing measurements simultaneously at two c.m.
barding energies of 11.5 and 16.5 MeV for the systémh  scattering angles, one forward and one backward, for each
+“He. The target*He was chosen because it has no low-detector angle setting.
lying excited state so that the observed analyzing powers The beam polarizations were calculated using the equa-
should arise solely from théLi projectile. Also, a complete tions
set of °Li+*He analyzing powers has been recently pub-
lished[10] so that a comparison of the two data sets provides _ \P
a direct measurement of the role played by the structure of t10 5
the two nuclei. The present results, when combined with
recently publishecPHe+*He [11] and 5Li +*He [10] data, to= (NgptN_z2) — (NyptN_15),
provide data sets that can test models of scattering by loosely

1
(Ngp—=N_3p)+ §(n1,2—n1,2)},

bound nuclei. 91
The new data set is analyzed in this work in terms of tso= "\ 5|3 (N3~ N-32 = (N2~ N-112) |, (1)

phenomenological optical potentials. A search was made for
evidence of the presence of a third rank tensor potential igyhere the fractional populatioms, of the substatesy, , nor-
the 7Li+4He interaction. The pOSSibIe role of triton ex- malized byEmnm:j_ were measured at the source by means

change in this scattering was also investigated. The applicass |aser induced fluorescencelF) and were measured on
bility of the shape effect relatiorfd2—-14, which allow the target using thep(’Li, @) a reaction at 0°7] in the 85 cm

second rank tensor analyzing pow@ks, T,1, andT;tobe  champer. The beam polarization was measured approxi-

obtained from™T,;, was also investigated. mately every two hours with this detector during the data
acquisition. Typical beam polarization values werg
Il. EXPERIMENTAL PROCEDURE =0.54+0.02, t,,=0.60+0.03, andt;,=0.55-0.03. The

lithium beam polarizations produced by OPPLIS have been
The Florida State University=SU) optically pumped po-  found over several years of operation to be stable to within
larized lithium ion sourcOPPLIS [15] was used to pro- +59% when the optimum laser power level for the optical
duce a’Li beam preferentially in one of théLi magnetic  pumping is maintained. This stability was observed during
substatesn=3, 3, —3, and — 3, referred to as stathl,,.  the present work.
The data acquisition system cycled the polarization state of The spin axis orientations and the equations used to mea-
the beam automatically through the unpolarized state andure the analyzing powers in this work are presented here,
each of the polarized staté;,, as required, spending ap- with attention to the appropriate sign changes required for

proximatively three minutes in each state. After ionization s with the recoil nuclei data. The Madison frame haszthe
and charge exchange in a cesium charge exchange cell, the

beam passed through the magnetic field of a Wien filter XIS parallel to the projectile momentukd and they axis

properly orient the spin quantization axis. It was then accel@iven bykiX k¢ wherek is the direction of the ejectile mo-
erated by the FSU Super FN Tandem accelerator to an efoentum. In this frame, the d|rect|9n of the spin axis on target
ergy of 34 MeV. The scattering chambers consisted of an 8 defined by the angles and ¢, with 8 measured from the
cm diameter evacuated chamber followed by a helium-filledz axis to the spin axis ang measured from thg axis to the
chamber at 380 Torr. The 34 MeV beam was slowed dowrprojection of the spin axis onto they plane. The cross
to 31.5 MeV in the helium target volume by passing throughsection o,,; measured for a spig polarized beam is ex-

a Havar foil, which isolated the helium gas from the evacu-panded in the Madison frame as
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The transverse framgl9] has they axis parallel to the
projectile momentunk; and thez axis given byk; x k; where
ki is the direction of the ejectile momentum. The anglés
measured from the axis to the spin axis angl is measured

from theXx axis to the projection of the spin axis onto the
plane, the reaction plane. The analyzing powers expressed in
the transverse frame are denoted by a left supers€riahd

. . 1
T pol= a’un{ 1+ \/5 sinB cos¢t g T+ 5(3 co§,[>’— D)toeT o
+/3/2 5in 28 Sin Pt ooT 21— /312 Sirt B COS 2t 0T 25

1
+5V3 sing(5 cogB—1)cosets T,

+V15/8 sinB sin 28 sin 2¢t30i T, the polarized cross sectian, is written
1 5 Sirt 3 coS 3ptag T 2 T 1 T
> 30! 33/ Tpol= Oung 1+ COSYt;0' Tagt 5 (3 coS— L)ty Tog
When the polarization axis is set parallel to the beam mo- _ _ 1
mentum @=0°), Eq.(2) reduces to — 38 sirf ity T, €%+ TT e 20) + 5(5 cosy
? =L 1=tyT,, &) — 3 coSY)tao Tao+ V15/8 sirfyy cosytay T5 €27
unp

where o, and o, refer to the observed cross sections re- +TT3292ip)}- ®)

sulting from the use of polarized and unpolarized beams,

respectively and. is defined aso/oynp. This equation  Orienting the spin quantization axis in the direction normal

also holds for the right detector observations, lab&ethis  to the scattering plane at=180°, i.e., “down,” the set of

equation does not change sign upon measurement of a rec@ijuations

nucleus. The beam was cycled through the unpolarized state

and theN,,, state to create a lardg,. N 1
With a spin axis orientation defined #=135° and¢ t57= = | —[2Lap+ 4Byt 213 _yp] =1,

=270°, the analyzing power,, of a scattered nucleus can 5o Z L;

be determined using the relation i

L—R=6tygT2. ) N !
t.32= 4 —[L3/2_ Lip—L_qpt L73/l-| '

20 T
The value ofL—R changes sign upon measurement of a T2 2 L;
recoil nucleus. At the same orientation, the tensor analyzing [
power 'T,, of a scattered nucleus can be determined using
the relation

1
th?=— ——| ——[4/8Lap+ 2L _ 1o+ 2/3L 5] -1
L+R—2=—ty Ts. (5) S Taol >,
I
It should be noted that this equation is given incorrectly in 9)
Ref.[17], the minus sign in front of,, being omitted there. i _
This equation does not change sign upon measurement of 9!dS, whereL;, denotes the polarized to unpolarized cross

recoil nucleus. The beam was cycled through the unpolarizeg§ECtion ratio seen by the left detector with the beam in the
state and thd\, state to create a large,. N,, polarization state. The sum is oveér 3/2,1/2;-1/2,

A spin axis orientation on target oB=90° and ¢ —3/2. The equation.fotso is given incorrectly in Refd.17,
=30° yields 18], WhIC.h havel ,,, in place ofL _,. qun measurement
of a recoil nucleus, the second rank equation does not change
3 sign, but the odd ranks do. Note that for the right detector
L—R= 6ty Ty~ > tad Tas. (6)  (R), the spin axis orientation may be expressedyas0 °
and the odd ranks of E@9) will contain an additional over-
The value ofL—R changes sign upon measurement of aalllnegative sign. At the same orientation, normal to the scat-
recoil nucleus. The beam was cycled through the unpolarizetering plane ay=180°, i.e., “"down,” the second ranks are

state and thé\,,, state to create a lardg,. isolated using only one polarization state and the “off”
A spin axis orientation on target g8=54.7° and¢  State,
=45° yields L
L+R—2=2.1t3 T3, 7) 5 (L+R=2)=15"Tx0. (10

This equation does not change sign upon measurement of Tehis equation does not change sign upon measurement of a
recoil nucleus. The beam was cycled through the unpolarizetecoil nucleus. The beam was cycled through the unpolarized
state and thé,,, state to create a largg,. state and each of the,, states.
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The remaining analyzing powers may be found throughc.m. cross sections reported in REf6] was 5%. The abso-
the interframe relations lute error in the 16.5 MeV data is 8% and is based on the
measurements of Nd on four separate occasions.

2 1
Tao==\3| Taot 5 Ta0). (11)
Ill. ANALYSIS AND RESULTS
T :_\/§ \ﬁiT LT (12 The importance of comparingLi and ’Li analyzing
3 5\ Vg4 '8tt 730 power measurements was dramatically demonstrated with

early vector analyzing power results f8rLi+°Ni elastic
For the unpolarized Li( “He,*He)’Li differential cross sec- scattering[1-3]. Tungate et al. [1] showed that, in the
tion measurements, the spherical deflector of OPPLIS wakresnel regime, the elastic scattering vector analyzing power
removed and replaced by a radio frequency helium sourcwas positive for®Li + °®Ni and negative for'Li + *®Ni. How-
which ionized the atoms to thtHe" state. The helium ions, ever, folding model calculations that included a realistic
negatively charged after charge exchange, were acceleratsgin-orbit potential predicted positive vector analyzing pow-
by the FSU Super FN Tandem accelerator to energies of 18rs for both projectiles. In addition, subsequent work found
and 26 MeV, corresponding to center of mass energies dhat the magnitude of the second rank tensor analyzing
11.5 and 16.5 MeV, respectively. The beam then scatteredower 'T,q was small 0.03) for ®Li +58Ni, but consider-
off a 100 wg/cn? “Li target enriched to 99%, evaporated ably larger (~—0.15) for "Li+*Ni [2].
onto a Formvar backing, and placed in the 85 cm scattering Previous elastic scattering analyzing power measurements
chamber. TWAE-E silicon surface barrier telescopes were for the system®Li+“He reported by Greest al. [10] at a
mounted symmetrically in the chamber on either side of thee.m. energy of 11.1 MeV may be compared to the present
beam axis to allow identification of the scatteregbarticles.  Li+*He data. The’Li+“*He data were well described by a
One telescope was kept fixed, serving as a monitor of beaphenomenological optical model analysis that required an
intensity and target conditions while the other detector teleexplicit but relatively weak spin-orbit potential, and an an-
scope was moved through the different angle settings of thgular momentum dependent imaginary potential. An explicit
distribution. Both the scattered and the recoil’Li nuclei ~ second rank tensor potential was found to be relatively un-
were detected simultaneously so that two angles in the digmportant.
tribution were measured at once. The Havar foil and helium Figure 1 displays the present 11.5 MeV c.ALi data
filled chamber were replaced by a beam stop so that properong with the 11.1 MeV c.m°Li data of Greeret al.[10].
beam current integration could be achieved during the angun contrast to what was found in the Fresnel scattering re-
lar distribution runs. The data at 11.5 MeV c.m. were nor-gime there is no clear difference between the vector analyz-
malized to that of Binghanet al. [16] to obtain the product ing powers for the two Li isotopes;T; being large and
NdQ of the target thickness times the detector solid angleexhibiting considerable oscillatory structure for bt and
needed to establish the absolute cross section for the 16.4.i. The main difference between the two data sets is in the
MeV c.m. scattering. The absolute error in the 11.5 MeVsecond rank analyzing powér,;, which is very close to
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zero for the®Li scattering, but large for théLi scattering.  that elastic scattering in the Fraunhofer regime can follow
T,, is much larger for’Li than for °Li but the difference is the shape relations quite closely, provided that the isocen-
not as dramatic as foF,;, especially at large angles. trifugal approximation is valid andl is small. This was
The two nuclei are both characterized by a low breakugound to be the case for the 44 MelLi +2%Mg elastic scat-
threshold (~1.48 MeV for °Li and ~2.47 MeV for "Li) tering, which is in the Fraunhofer regime but for which the
but have very different ground state quadrupole moment§hape effect relations still hold to a reasonable approxima-
The nucleus®Li is almost spherical Qs=—0.09 e fm?)  tion.
whereas’Li is highly deformed Q.= —4.00 e fm?). Com- The present scattering data are in the Fraunhofer regime,
paring the two present data sets shows that these structu®é expected for a very light target such #se, and have
differences also dominate several features of the elastic scd@rge (>0.4) values ofd. Therefore, we do not expect these
tering data in the Fraunhofer scattering regime. However, iflata to be very well described by the shape effect relations
also shows that some features are similar in the two data sel@!t it is important nevertheless to test this expectation. The
in this predominantly nuclear scattering regime. results are shown in Fig. 2 for the.i + *He elastic scattering
at the two c.m. energies of 11.5 and 16.5 MeV. The data for
each second rank tensor analyzing power are given by the
) . solid circles, while the solid lines are calculated using EQs.
The large spectroscopic quadrupole moment'bf has  (13). Although the shape relations give values which do at
k7)e_en shown to7pl_ay amajor role in the scattering of polarizedimes follow the data, this is probably merely fortuitous. The
"Li. When the ‘Li beam is aligned, its quadrupole moment ower energy 11.5 MeV data clearly follows these relations
is also aligned and in a semiclassical picture presents a shapgtter than the 16.5 MeV data even though the 11.5 MeV
gn‘ferent from that of an unpolanzed_ beam. Durlng the firstsecond rank tensor analyzing powers are larger and more
Li tensor polarized scattering experiments trends in the datéscillatory than those at 16.5 MeV. This result is to be ex-

showed a definite relationship between the second rank tefected from the arguments of Gt al,, as the lower energy
sor analyzing powers. By assuming that the object beingyas 5 smaller value af.

scattered, i.e./Li has an oblate shape, Tungateal. [12]
and Morozet al.[2] derived the shape effect relations.

A. "Li shape effect

The shape effect relations which connect the second rank B. Optical model calculations
analyzing powers are given by The goal of the optical model analysis described here is to
1 determine the form of the potentials required to describe the
T20=—§(1—30056)TT20( 9), measured cross sections and analyzing powers, including

whether a third rank tensor potential is required to describe
the third rank analyzing powers.
= \ﬁ SN T 6), f The centr'al_ .imaginary potential was quified to account
or the possibility that the large cross section found in scat-
tering from light targets at backward angles results from the
3 inability of the system to absorb a larger angular momentum.
Too=— \[§(1+0059)TT20( 0), (13)  This modification, known ad dependence, has been shown
to simulate the strong virtual channel coupling founcflri

where @ is the scattering angle. These relations were origi-Scattering[20,21] when combined with phenomenological
nally developed for scattering near the Coulomb barrieMV/00ds-Saxon central potentials. . _

where semi-classical models could be used. However, Go- The calculations were carried out using the optical model
mezet al, with a quantum-mechanical derivation, extendedcOdeHERMES[22], which allows the calculation of third rank
their application to all energies where the nuclear interactiornalyzing powers. Since this code had not been extensively
is important by invoking the concept of tidal symmefa]. used to cal_culate third rank analyzing powers, numerous
Subsequently, Otet al. determined the regions where this checks of this part of the code were carried out. An error in
symmetry is not broken and therefore should apply].  the calculation of the third rank analyzing powidrs, was
These regions correspond to those where the isocentrifugfpund and traced back to a paper by Cook and Philag}
approximation, assumed by Gometzal, is valid. Ottet al. ~ Which lays out the matrix element summations used in
derive an isocentrifugal parameteémwhich is small (0.2)  HERMESfor a spin 3/2 system. The correct equationifbg, ,

for scatterings which satisfy this criterion. The shape effectvhich was inserted iHERMES is

relations apply for scattering in the Fresnel regime, which

inyolves heavy targets with loviLi bo_mbar(_jing _energies, as oiT= \ﬁlm[(AB* +CD* +EF* + GH¥)

dis always small in these cases. This regime is characterized )

by smooth angular distributions for both cross section and
analyzing powers. On the other hand, scatterings in the
Fraunhofer regime, which involves light targets and high
beam energies, have oscillatory cross section angular distrirhe only change between E@.4) and the original equation
butions and do not follow the shape effect relations as well6f) in Ref.[23] is to replace the lagE in the equation with
as scatterings in the Fresnel regime. €tal. demonstrate anF.

—\3(BC* +FG*)]. (14
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The potentials used in the calculations are real and imagi¥he imaginary part invokes an angular momentum depen-
nary Woods-Saxon central potentials, real and imaginargent absorption and contains an extra facfqd)=[1
spin-orbit potentials, and real rank-2 and -3 tensor potentials+ e ~7/A9]71 The parameters, and AJ are the cutoff
The forms of the potentials used HERMES are outlined by and diffuseness angular momentum paramef2és21]. In
Cook[22], with the J-dependence modification of the imagi- HERMES, the real and imaginary spin-orbit potentials have the
nary central potential given by Trcket al. [20,21. These Thomas form given by
potentials all utilize the volume Woods-Saxon radial form

given by
r-R
1+ex;{( )
aX

f \?Vgo d
—1 Vso(r)z(m> Tafx(f), (17)
, (15 "

fu(r)=

wherea, is the diffuseness and the radiRs uses the con- where @/m,c) is the pion Compton wavelength, and is
1/3

vention R,=r,AY3, where Ay is the mass of the target Multiplied by (-s) for the full potential. A Raynal tensor
nucleus and, is the radius parameter usedHERMES The potential[24] of the form

real and imaginary central potentials are given by the

Woods-Saxon potential form d2

Vo (r)=—6y3Vy —f, 18
V(r)=—Vof(r). (16) (") V3 T2 gpe 1) (19
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TABLE I. Optical model parameters used in thervEs and  obtain the best fit was found to be inadequate. Consequently,
FREscocalculations. The Coulomb radilig, was 3.31 fm. Set(B) 3 series of grid searches was carried out and the results plot-
describes the 16(51.5 MeV data using the optical model with  teq using a semiautomated procedure. The quality of the re-
dependence. Set4) is used for the 16@1.5 MeV calculations g jiant fits was then assessed subjectively. This process led

that include the transfer contribution. The radius parametesse  y, yho pest simultaneous fits to the cross section and analyz-

given asR,=r,A7”°. The potential numbers in brackets are valuesing power data that we were able to obtain.

in FRESCO that give the same elastic scattering description as . - . .

HERMES Potential depths are in MeV, radius, and diffuseness in fm. The grid searches were C_a”'ed outin the fpllowmg man-
ner. The real central potential depth was varied from 80 to

Set 1 2 3 4 110 MeV in steps of 10 MeV and the imaginary potential

depth was varied from 15 to 25 MeV in steps of 2.5 MeV.

Central vV 1002 1532 120.2 136.2 The real spin-orbit potential depth was varied from 5 to 10
Real re 171 2.2 171 2.2 MeV in steps of 2.5 MeV while the tensor potential depth
a, 0.65 0.44 0.65 0.58 was varied from 2 to 5 MeV in 1 MeV steps. The
Central W 205 15.6 12.5 12.4 J-dependence parametdg was varied from 2.5 to 4.5 in
Imaginary ~ ry  3.09 2.2 3.09 2.2 steps of 1 while the diffuseness] was varied from 0.8 to

o aw 065 0.44 0.65 0.58 1.6 in steps of 0.4. Also, the radii were varied from 1 to 3 fm
Spinorbit Vs 10 7437 10 7.43.7) in 1 fm steps while the diffuseness was tried at 0.45, 0.65,

rs 25 2.2 2.5 2.2 and 0.85 fm.

. as 065 0.44 0.65 0.58 This grid search mainly established the parameters for the
Spin orbit W, s 2.8 2.8 central potentials and-dependence terms, and gave only an
Imaginary  ry 2.5 2.5 idea of the values for the rest of the parameters. The central

ay ; 0.65 0.65 potentials were “fine tuned” by considering just the cross
Tensor Vi, —3.87 —147-8.3 —3.87 —251-10.0  gection, and then the spin-dependent potentissn-orbit,
fr, 15 22 1.5 22 second, and third rank tengavere added to the calculations.

_ ar, 045 044 0.55 0.58 The values of the parameters for these potentials were fine-
Third rank  Vy, —3.67 —3.67 tuned by considering their effects on the analyzing powers.

fry, 15 13 These spin-dependent potentials are much weaker than the
ar, 045 0.45 central potential so their effect on the cross section was ex-
J dependence icf] ig i’g pected to be small. However, we ensured that the cross sec-

tion was not adversely affected while the spin-dependent po-
tentials were being varied. The optical potential parameters

is used when second rank tensor potentials are included. Fere established for the 16.5 MeV data first. These param-

nally, for the third rank potential, the Irshad and RobsonCters were ther_1 used as a starting point for the 11.5_M_(—:~V
tensor potential25] is used and its form is given by searches. The final parameter values for the best descriptions
of the 16.5 MeV and 11.5 MeV data are given by sets 1 and
2 3 in Table I, respectively.
VTa(r)=—VT3r2—2fx(r). (29 All the optical model calculations includeddependent
dr imaginary central potentials. If thé dependence was not
included, the calculations were found to be insensitive to the
presence of the spin-dependent potentisisn-orbit, second,
and third rank tensgr The basidreal + J-dependent imagi-
gary central potentialscalculation generated analyzing pow-

and third rank tensor potentials. The central and second rank > of all ranks, as expected since thdependence factor

tensor potentials arose from the centatarget and-target ~ '€Presents channel coupling to the excited statesL6f
potentials used in the folding procedure, whereas the spifoWever, the predicted values 4, and the third rank ana-
orbit and third rank tensor potentials were produced by thdyZing powers were considerably smaller than the data at
t-target spin-orbit potential. The central form factor wasPoth energies.
found to be of Woods-Saxon shape, while the spin-orbit In contrast to what was found by Greenal.[10] for the
form factor was of the usual Woods-Saxon derivative shapell.1 MeV °Li+“*He case we were unable to obtain a good
Both the second and third rank tensor potentials were oflescription of the vector and second rank tensor analyzing
second derivative Woods-Saxon shape. Based on these argquowers at either energy by just including a spin-orbit poten-
ments, we confined our search for a third rank tensor potertial in addition to theJ-dependent central potential. The in-
tial to one of second derivative form. clusion of an imaginary spin-orbit potential was found to
The parameter sets 1 and 3 in Table | were obtained bymprove the fit at both energies, although it was more impor-
starting with thebLi+“He parameters of Greegt al.[10]. tant at 16.5 MeV. For the best description of the data, a
Owing to the large number of data points and the size of thgecond rank tensor potential was essential. The dashed
parameter space involved, merely minimiziggin order to  curves in Figs. 3 and 4 show the results of calculations using

This form was chosen for the third rank potential following
the work of Mukhopadhyaet al. [9]. Using a simplea-t
cluster folding picture of Li they derived a potential fofLi
elastic scattering consisting of central, spin-orbit, and secon
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FIG. 3. Cross section and analyzing power angular distributions measured flrithéHe elastic scattering at a c.m. energy of 16.5
MeV. The full calculation using the optical model parameter set 1 in Table | is shown by the solid lines. The dashed lines show the full
calculation without use of the third rank potential.

sets 1 and 3 of Table I, but including tdedependent imagi- target “He is heavier than the triton, the newly formétli

nary potential and spin-orbit and second rank tensor potenravels backwards in the c.m., and is experimentally insepa-

tials only. o rable from the backscattere@Li beam nucleus. Initially,
The full curves in Figs. 3 and 4 denote the results of,zrmes with no J dependence was used to determine the

calculations including a third rank tensor potentl_al, _of theoptical model parameters needed to produce the distorting

Irshad and Robson forf25]. At 16.5 MeV there is little  iontiais for the transfer calculation0,21,27. The

case for arguing the need for a third rank tensor potential o -dependent potential had been introdu§2@,21] to repro-
this form. Its inclusion cannot be said to improve the overall '

. o ) he larger than rimental cr ion ob-
fit to the data, which is poor in general. By contrast, at 11.5;j gfveefj fi) ra gzrtitclz aﬁgpheecz;?/d-s)):]psclattznt: (;tolzsaf see;:l::olegb
MeV there is a definite improvement in the overall descrip- ap y 9 g gles.

tion of the data when the third rank tensor potential is in_In th_is analysis it is assumed that the large value of the cross
cluded, as Fig. 4 shows. The general quality of the fit at 11. ection observe_d at back angles Comes from the transfer re-
MeV is considerably better than that at 16.5 MeV. act!on. The opuca}l model calcplaﬂons concentrated on de-
scribing the elastic cross section data for angles less than
C. FRDWBA calculations 90‘_’, which should ha\_/e very little transfer contribution. An
: optical model calculation wittFRESCOwas then performed
The sizable measured elastic scattering cross section & make sure the two codes agreed. Then, these optical
back angles 4. ,=120°) may be indicative of a large con- model parameters were used in the FRDWBA transfer cal-
tribution from triton transfer, and this possibility was inves- culations to determine the importance of the triton transfer.
tigated by FRDWBA calculations using the co@eesco Starting with the values of Binghast al.[16], the optical
[26]. In this transfer, the triton from théLi projectile is  potential parameters for the 16.5 MeV case were set first. A
picked up by the*He target to form anothefLi. As the  second rank tensor potential, which Binghatnal. did not
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FIG. 4. Cross section and analyzing power angular distributions measured farithéHe elastic scattering at a c.m. energy of 11.5
MeV. The full calculation using the optical model parameter set 3 in Table | is shown by the solid lines. The dashed line shows the full
calculation without use of the third rank potential.

have because its importance was not recognized at that timpredictions give spectroscopic factors of 1[P8] and 1.19
was added as it has been found to be important fdiscat-  [29], while values derived from past experiments are 0.94
tering. The optical potential parameter values obtained for-0.05[30] and 1.03-0.10[31].
the 16.5 MeV c.m. scattering case were then changed as little The 16.5 MeV FRDWBA calculations using parameter
as possible to fit the 11.5 MeV c.m. scattering. The opticaket 2 in Table | and a spectroscopic amplitude+df.0 are
potential parameter sets 2 and 4 in Table | are those finallghown in Fig. 5. The solid lines show the transfer coherently
used for the 16.5 and 11.5 MeV data, respectively. Wheradded while the dashed lines do not include the transfer. The
these optical parameters were usedrFiRESCQ minus the dotted line is the triton transfer cross section. Similar calcu-
tensor potentials, the values predicted were exactly the samhkations for the 11.5 MeV data using parameter set 4 are
However, the tensor potential addition was not the same ishown in Fig. 6. Both negative and positive spectroscopic
both codes so the tensor potential depth was varied immplitudes were tried and no difference in the results was
FREScountil the calculations were almost identical to thoseobserved. The main goal here was not to fit the analyzing
obtained withHERMES The different values are given in powers but to fit the cross section inner angle
brackets for parameter sets 2 and 4 in TableREscodoes  <120°) with the optical model parameters, and have the
not allow a third rank potential, so none was used in theback angle cross section magnitude enhanced by the transfer.
transfer calculations. The analyzing powers generated by the optical model were
The a-t cluster spectroscopic factor for thi ground made to give a reasonable description of the data and then
state is close to unity. The coderescowith which the the effects caused by the transfer addition were studied. A
FRDWBA calculations were performed uses the spectrospectroscopic factor of 0.81 was also used for the 16.5 MeV
scopic amplitudgi.e., the square root of the spectroscopiccase and the magnitude of the generated cross section at the
factor C2S) to set the magnitude of this transfer. Theoreticalfar back angles was lower and closer to the data, when com-
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FIG. 5. Data are the same as in
Fig. 3. The solid lines show the
calculation using the parameter set
2 in Table | with the triton transfer
included. The dashed lines show
the calculation without the trans-
fer added. The dotted line shows
the transfer cross section.

0 40 80 120 160 0 40 80 120

pared to the fit with a spectroscopic factor of 1.0. Howeverjn the 11.5 MeV case, and in the 16.5 MeV case it is lower
the analyzing powers changed by only a negligible amountbut still accounts for 60%. In both cases tfig, generated is
A spectroscopic factor of 1.44 was used for the lower 11.5ltered somewhat in magnitude at the back angles by the
MeV data for which the generated far back angle cross se@ddition of the transfer, and the fit is actually improved for
tion were closer to the data. Here the analyzing powers alsthe 16.5 MeV case. The fit for the second rank analyzing
changed only slightly. powers at back angles does not change significantly but is
Both cases are quite similar, but at 11.5 MeV c.m. thesomewhat poorer with the addition of the transfer, except for
transfer is more important. This result is also seen in thel,, of the 16.5 MeV c.m. data. There are sign changes in the
data, which shows a larger back angle cross section rise farscillations ofi T 3; andiT 3, generated for the 16.5 MeV case
the 11.5 MeV data. In both cases the optical model crossvith the addition of transfer, which lead to better fits. The
section, which concentrated on the forward angles, falls welthird rank analyzing powers do not change much and are not
short of the magnitude of the back angle data cross sectiomeally better fit with the addition of the triton transfer in the
For the 16.5 MeV case the optical model gives a magnitudealculations.
which is only 40% the size of the cross section data at back In summary, the addition of a triton transfer contribution
angles, while in the 11.5 MeV case it is only 25% the size.is needed and raises the back angle cross section generated
The cross section for the optical model levels out at bacly the optical model calculations to fit the data. The contri-
angles and misses the rise in the data. The transfer accourigtion is more important to the 11.5 MeV cross section than
for about 75% of the back angle cross section contributionso the 16.5 MeV cross section. The odd rank analyzing
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FIG. 6. Same as in Fig. 5 but
7 for the 11.5 MeV c.m. data and

using the parameter set 4 in Table
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power fits are not changed much but are possibly improved This difference in behavior could possibly be explained
by the transfer addition. The description of the second ranky the composite nature diT 3y, which is given in terms of
analyzing powers is also not changed much but is somewhdT 5; andiT 33 by the following equation:

poorer with the addition of the transfer. In conclusion, triton

transfer is present and contributes significantly to the back 3 5

angle cross section, but does not have a large effect on the Ta0= —( \[ZiTgle \/;iT%). (20)
analyzing powers.

If iT3, andiTs3 happen to be almost exactly out of phase
they may cancel one another, leading to the small values of
The present work presents the first complete set of third T3, observed previously. If neithéiT 5, nor iT s are well
rank analyzing powers for the scattering of a spin 3/2described by calculations, it might be expected that the cal-
nucleus. The most striking result is that the third rank anaculated T3, angular distribution would exhibit large oscilla-
lyzing powers T4, T3, iT3,, andiTgg are large for both  tions that are not present in the data, as was found for the 44
energies, and exhibit considerable structure. This is in conMeV Li+2%Mg system([5,8]. Even a small phase error in
trast to the only other measurements of a third rank analyzthe description ofiT3; and/oriTs; could lead to the large
ing power, those of Ty, for 44 MeV 7Li+%%Sn[7] and  oscillations seen in the calculatéd 5, angular distributions.
Li+2%Mg [5], which were small and essentially structure- At present, this explanation must remain pure conjecture,
less. as we do not have a full set of measured third rank analyzing

IV. DISCUSSION
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powers for the’Li+2%Mg system. For the current data, we indicate that the optical model potential form used in this
can see thalT 3; andiT 5 are not out of phase and thus do Work is incomplete. No calculations, even with completely
not cancel to give a smaliTs,. This illustrates the value of Unphysical parameters, were able to reproduce the small
measuring a full set of third rank analyzing powers. angle|T31 datg. However, owing to the .Iarge number of data_
A comparison between previously measurfid+*He  Points and adjustable parameters available we cannot claim
and the presenfLi+“He analyzing powers shows that dif- to have exhausted the entire parameter space. In particular,
ferences between the structure of the two nublgiand “Li we concentrated on a second derivative form for the third
are most apparent in the analyzing power, with T, be- rank tensor pqtentlal, _gwded_ by_the work of Mu_khopadh_yay
ing large for ’Li and close to zero foPLi. This implies that et al. Tests with a third derivative form for this potential
even for scattering energies where the nuclear interactiofPt99€sted by a natural progression through the potential

dominates, the’Li nonspherical ground state shape is anranks of a first derivative spin-orbit potential and a second
important éontributor to the scattering. derivative second rank tensor potentisliggested that such a

The optical model analysis of the present data set tool@rm_ would not lead to a significant improye_mer_lt in the
Sl%lahty of the fits. The calculations that e>_<p|_|C|tIy included
scattering could be described by potential scattering On|yt_r|ton t_ransfer gave a better overall description of the _data
The other analysis assumed that the large experimental croglan d'.d th.OS? that produpe(;j the back danglg Erosﬁ sectllon by
section observed at backward angles was produced by tritﬁsumlng Its large magnitude was produced by channel cou-
exchange between the target and the projectile and that t Ingh. ote d d enabl .
forward angle cross section was produced by potential scag- 1€ Present complete data set would enable scattering po-
tering. Both analyses show that a second rank tensor force | nt|als_ to be obtamgd t_)y the_use of the lteratlv e-perturbative
needed to produce the observed andiT s, analyzing pow- matrix to potential inversion m%thod4 which has been
ers, which is consistent with the large ground state quadrush(_)wn to be su_ccessfu_l for the case’bf + He elastic scat-
pole moment of'Li. They also show that the spin-orbit po- te"Ng [32]. It is possible that such parity- and energy-

tential is small and the evidence for the presence of a third€Pendent potentials would be able to establish definitely
whether a third rank potential is required to describe the third

k t tential of the f ted by Mukho- . : .
rank tensor porenta’ of the Torm stiggested by Muo rank analyzing powers and if so, what form it should take.

padhyayet al.[9] is inconclusive. Its inclusion at 16.5 MeV h . hi hod v b lied
leads to a degradation of the already far from good fit to thé—|owever, _att € present time t IS method can only be applie
Jo scatterings with channel spin of 0, 1/2, or 1 and thus

data. However, at 11.5 MeV the description of the data i : ) .

considerably better when it is included. In fact, at 11.5 Meyunfortunately cannot be used to examine this question.
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