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Complete sets of analyzing powers for elastic and inelditithe 1/2° first excited and 7/2 resonant states
of ’Li) scattering of polarized’Li by “He have been obtained. Relations between the different analyzing
powers were determined by applying the invariant amplitude method. A comparison of these relations with the
measured analyzing powers suggests that the odd rank tensor analyzing powers arise from higher order
quadrupole interactions. The quadrupole interaction also gives rise to the inelastic analyzing powers.
Continuum-discretized coupled-channels calculations uaiitg cluster-folded potentials confirm this crucial
role of the quadrupole interaction in producing the obserVeit“*He analyzing powers. Cluster-folded
spin-orbit and third rank tensor potentials were found to have negligible effects, in contrast to polarized
deuteron elastic scattering where the spin-orbit potential plays the dominant role, even in producing the second
rank analyzing powers. Coupling between the excited statékipin particular that between the 0.478 MeV
1/2~ and the 6.68 MeV 5/2 states, was also found to be important.
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[. INTRODUCTION coupled—channels calculations would be needed to under-
stand the data for the systefi+“He. The present work
Recently[1] a complete set of elastic scattering observ-reports data for the excitation 6t to its first excited 0.478
ables for the spin 3/2 beafLi scattered by &He target was MeV 1/2” state and to its 4.63 MeV 7/2second excited
published. The data set consisted of angular distributions fostate. The latter state is 2.16 MeV above tAd— e+t
the cross sections and first, second, and third rank analyzingreakup threshold. The data were obtained at the same ener-
powers at the two incidenfLi energies of 31.5 and 45.5 gies and with the same experimental setup as the previously
MeV (11.45 and 16.55 MeV in the center of mass frame,reported elastic scattering ddtH, which results in a total of
respectively. The original goal of this work was to obtain a 54 angular distributions of nine observables.
complete set of third rank analyzing powers so that a search The simultaneous analysis of these data within one model
could be made for the presence of a third rank tensor poteris a big challenge. One of the models that can be used and
tial term in the optical model used to describe the scatteringthe one used here is that based on the continuum-discretized
The most striking experimental result was that the measuredoupled-channel@CDCC) formalism[4]. This model allows
third rank analyzing power T4, was found to be large at the inclusion of effects due to projectile breakup to be ex-
both energies, in contrast with the earlidri elastic scatter- plicitly included, which is important for projectiles with low
ing works by Tungatet al. [2] and Ottet al. [3] who mea-  breakup thresholds such dgi. The cluster folding model
sured Ty, for elastic scattering by heavier targets. was used to generate the interaction potentials from previ-
The data were analyzed in terms of the optical model withously determined +*He anda + *He interactions. The em-
a phenomenological potential that consisted of central, spinphasis in this work was to seek the origin of the observed
orbit, and second and third rank tensor terms. Triton exanalyzing powers and so all parameters needed for the cal-
change between the projectile and target was also includegulations have been taken from other work.
The need for the presence of a third rank tensor potential The present paper is organized as follows. Section Il con-
term was inconclusive. Its inclusion in the analysis led to aains a short description of the experimental procedure. Sec-
worse description of the higher energy data and a better orféon Ill is devoted to predictions for the analyzing powers

of the lower energy data. based on simple assumptions, while Sec. IV presents the
During the course of the elastic scattering data taking ittoupled-channels methods used to understand the data. The
was realized that the cross sections for exciting thiepro- results of the coupled-channels analysis are discussed in Sec.

jectile were as large or larger than the elastic scattering fo¥, and the work is summarized in Sec. VI.
angles greater than 50°, suggesting that an analysis based on

Il. EXPERIMENTAL PROCEDURE

*Electronic address: rusek@fuw.edu.pl A detailed description of the elastic scattering measure-
TPresent address: University of Belize, Belize City, Belize. ments for the systeniLi+“He is given in[1]. The Florida
*Present address: CyTerra Corporation, Orlando, Florida. State University tandem/linac accelerator system was used to
S$present address: Institut de Recherches Subatomiques, BPaghtain the scattering data. The cross sections were measured
F-67037 Strasbourg, Cedex 2, France. by scattering am particle beam from &Li target while the
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0 50 100 150 in the Madison frame. However, in the derivation of relations
e (d ) between analyzing powers using the invariant amplitude
c.m. cg method in the next section it is more convenient to work in

the transverse frame for the odd tensor ranks. Use is made of
FIG. 1. Angular distributions of the cross sections for elastictyo analyzing powers in the transverse frarﬁ—é:lo and

scattering and inelastic scattering leading to the 0.478 MeV 1/2 T1_  They are related to the analyzing powers in the Madi-
and 4.68 MeV 7/2 states of'Li at E, ,=11.45 MeV andE, son frame by the following expressions:

=16.55 MeV.
TTlO: \/EiTlly

3. 5
Z|T31+ Z|T33 .

[ll. INVARIANT AMPLITUDE PREDICTIONS
FOR THE ANALYZING POWERS

analyzing powers were measured by scattering a polarized

’Li beam from a*He gas target made by filling a scattering

chamber with natural He gas. It was possible to separate the

first excited state at 0.478 MeV ifLi from the elastic peak

in both sets of measurements by using relatively narrow de-

tector collimators to limit the increase in peak width due to

kinematic broadening. When scattering anbeam from a

“Li target it is possible to extract inelastic cross sections over A strong correlation between the vectdiT,y, and the

the whole angular range, whereas when using the polarizeithird rank tensor, T4, analyzing powers was recently ob-

’Li beam it is only possible to extract analyzing powers forserved for the elastic scattering ahdransfer reaction in-

the unbound 4.63 MeV, 772 state at the larger angles by duced by polarizedLi on °C [5]. A simple explanation of

observing the recoilr particles. When thée'Li particles are this effect was given in the frame of the+t cluster model

detected, only the elastic and first excited state analyzingf ‘Li. Bartoszet al.[5] concluded that, independent of the

powers can be obtained. The measured elastic and inelastieaction, the angular distributions of both analyzing powers

scattering cross sections are shown in Fig. 1 for the two c.nhave the same zeros and the same sign between zeros if the

bombarding energies of 11.45 and 16.55 MeV. As can b@rocess is in plane and if it is localized in the peripheral

seen, the inelastic scattering cross sections are as large as tegion of the two interacting nuclei.

elastic cross sections except for angles smaller than 50° c.m. In Fig. 2 angular distributions of T, and "T5, for elastic

The new inelastic scattering analyzing powers are presenteghd inelastic’Li +“He scattering measured for the two beam

in the figures that contain the results of the CDCC analysignergies are compared. The solid circles represent data for

throughout the rest of the text. the vector analyzing powers while the open circles corre-
In this work the measured analyzing powers are presentespond to the third rank tensor analyzing powers. They show

TT30: -
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the correlation observed for the first time by Bartaszl. T 1.0
[5] which suggests that these reactions are of a peripheral 22
nature. 0.5
A. Elastic scattering 0.0
It has been demonstraté¢@,7] that the invariant ampli-
tude method8] is very useful in studying polarization phe- 05
nomena in nuclear reactions induced by polariZedions. 11.45 MeV
The method is based on the expansion of the transition ma- -1.0
trix into amplitudes in accordance with the tensor rank in T 1.0
spin space. Amplitudes of different rank can be related di- 22
rectly to the analyzing powers. For example, if the amplitude 0.5
U is a scalarSis a vector,T,; are the second rank tensors, %
and Ty are the third rank tensors in spin space, then they 0.0 % §
represent the central, spin-orbit, second rank tensor, and third %
rank tensor interactions, respectively. Analyzing powers for -0.5 H’
the elastic and inelastic scattering of polarizéd by a 0" 1635 MeV
target can be expressed in terms of these amplitl&l&k In -1.0 i °
particular, by neglecting terms which include the third rank 50 100 150
tensor amplitudes, the relations derived by Sakueagil. [6] ec_m_ (deg)

for the elastic scattering reduce to
FIG. 3. Angular distributions of the second rank tensor analyz-

J3 1 2 1 2 ing powerT,, for the elastic scattering of polarizédi + *He at the
TTloz—lm §US* +§ §ST’2‘a+ EST;" (1 two incident energies. The open circles denote the experimental
‘T\/g data while the solid circles were calculated from the experimental
values forT,g andT,, using Eq.(4). The curves drawn through the

and solid circles are to guide the eye.
TT o= IMIST:. + V3ST 2 d_ata for the two incident energies are shown by the SO.|Id
¥ 1005 [STat V3STS), @ Gircles. The calculated values agree well up to a scattering

angle of about 120° with the measured values shown by the

whereq is the cross section. Further, by neglecting the* open circles. The disagreement at large angles is not surpris-
term in Eqg.(1) one obtains ing as at backward scattering angles the contribution of the
t-transfer reaction, indistinguishable experimentally from the

4 elastic scattering, may be of importance.

TTlO: 3 TT30 . ) g Y P

. . ) B. Inelastic scattering
This relation between the vector and third rank tensor

analyzing powers is shown for the elastic scattering data irﬂ?]
Fig. 2 by the solid curves. At the higher energy of 16.55
MeV this relation holds while at the lower energy of 11.45
MeV the data for the vector analyzing power are larger tha
calculated from the third rank tensor analyzing power dat
by means of Eq(3). This means that at the lower energy the
central and/or spin-orbit interactions must play a role in gen
erating the analyzing powelT;, while at the higher energy

the main source of th&T,,and ' T, analyzing powers is the 0=

Using the method of invariant amplitudes Sakuragal.
related the analyzing powers of all ranks for inelastic
scattering of polarizedLi by a 0" target, leading to the first
ﬁaxcited state of the projectile, with the corresponding ampli-
a{udes which represent different interactions. In particular, the
vector and third rank tensor analyzing powers can be ex-
pressed as

1
= IM[STh,+ V3STh— 3V3T 2. Tap+3ToaThel,

quadrupole interactions. o5

By neglecting theU-independent terms in the relations (5)
derived by Sakuraget al. [6] for the second rank tensor
analyzing powers one gets T 1

T30: |m[—3ST’2’b
\F 40'\/§
To5iN0= \/ 5T eSiNO+ 2T 5,0, 4
225 2 205 2t @ _3\/§8T§c_ \ETZa §b+T2a 30] (6)

a simple formula that relates three second rank tensor ana- If the Sdependent terms are dominant, one obtains
lyzing powers for the elastic scattering. Hefes the scat-

tering angle. In Fig. 3, the values of the analyzing poivgr TT.o— ETT 7
calculated in this way from the correspondifigy and T, w3 3
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and if the quadrupole interactions are more important than TABLE I. Parameters of théLi=a+t binding potentials, ex-
the spin-orbit interaction, then the relations reduce to citation energies, the widths of the energy bins used to generate the
cluster wave functions as well as their quantum numbers for the
TT10=3TT30_ (8) ground state, the first excited state, and the two resonant excited
states.

Tungateet al. [9] proposed a simple model for the exci-
tation of polarized’Li on a 0" target, leading to the 172 Vo Vis R, Shape Ref. NL E, AE,
state of the projectile. They concluded that the odd rank ten- (MeV) (MeV) (fm) (MeV) (MeV)
sor analyzing powers depend crucially on the excitation en; .o 83.780 1.003 2.52 Gauss [11] 2P 0.00 0.00
ergy. Also, the third rank tensor analyzing powers are Veryr " 85940 1.003 2.52 Gauss [11] 2P 0478 0.00
sensitive to the spin transfer of one unit that may come from,l_i 1’27 84'940 1'003 2'52 Gauss this work 1F. 463 ' 0.20
static or dynamic spin-orbit interactions. Moreover, if the ;. " ' ' ' . ' '
process of inelastic scattering is dominated by the spin trans-— 52 77:527 1.003 252 Gauss this work 1F 6.68  2.00
fer of one unit, then the'T,, and T4, analyzing powers
fulfill Eq. (7), but if the quadrupole interactions are more ynity. The depth of the binding potentials was varied in the
important, these analyzing powers are related by B3  course of the calculations to obtain resonances at the correct
which confirms the findings of Sakuragt al.[7]. excitation energies.

Predictions obtained from E¢8) are shown with the ex- | order to study the influence of thi.i breakup on the
perimental data for inelastic scattering &i+“He for the  elastic and inelastic scattering, the-t continuum above the
two incident energies in Fig. 2. The dashed curves denotgreakup threshold was treated according to the model of
values of Ty, calculated from the Ty experimental data by -~ Sakuragiet al. [4,6]. The continuum was discretized into
means of Eq(8). In general, the calculated and measuredmomentum bins with respect to the momentd of the
values of the vector analyzing power are in good agreemeny —t relative motion. The width of most of the bins was set
for both the investigated excitations dti. This suggests 1o 0.25 fr L. Two of the bins corresponding to states with
that the quadrupole interactions play the dominant role inspin-parity 7/2 had different widths in order to avoid an
these inelastic processes. . overlap with the 7/2 resonant state at excitation energy of

Summarizing, comparison of the experimental data forz 16 MeV above the breakup threshold. For each of the bins
elastic and inelastic scattering of polarizéd by *He with  the geometry of the binding potential was kept fixed for the
the predictions using the relations of Ref§—7,9 leads to  pound and resonant states, but their depth was different, de-
the conclusion that in all the experimental processes investiending on the relative orbital angular momenturand spin
gated here, the second rank tensor interactions must play fof the bin state. For th& =0, J=1/2 andL=2, J=3/2,
dominant role. The effects due to spin—orbit or third ranks/> pin states as well as for the=1, J=23/2 bins the depth
tensor interactions are of less importance. This is in contrasif the binding potential was the same as for the ground state.
to polarized deuteron elastic scattering where the spin—orbjtor the L=1, J=1/2 bin states, the depth of the binding
potential plays the dominant role, even in the determinatiootential was taken to be the same as for the first excited

of the second rank tensor analyzing pow]. state, while for the.=3 bin states the depth of the potential
was the same as for the corresponding resonant states of the
IV. CDCC ANALYSIS same spind. The wave functions for the bin states were

derived in the same way as for the resonant states, but they
were not normalized to unity to avoid an artificial change of
In the CDCC analysis, the-+t model of ‘Li was ap- the wave function amplitudes at small separations between
plied. Thea+t binding potential was that proposed by Buck the clusters. The range of integration was set to 30 fm, which
and Merchanf11] and was of Gaussian form. Its parameterswas found to be large enough for the final results of the
were determined from experimentally measured properties ainalysis to be independent of this parameter.
Li such as the rms radius of its charge distribution, its  All the diagonal and coupling potentials between the vari-
ground state spectroscopic quadrupole moment, its reducenlis states were derived from optical model*He and «
transition probability for the excitation to its first excited +*He potentials by means of the cluster-folding method
state,B(E2;3/2° —1/27), and its excitation energies. The [12]. A series of test calculations showed a strong depen-
parameters of the potentials used to calculate the clustetence of the final results on the choice of these input poten-
wave functions for the ground state, the first excited state dials. Therefore, in this work the results of calculations with
an excitation energy of 0.478 MeV, and the two resonandifferent sets of these potentials are presented.

A. Cluster model of “Li and the cluster-folding interactions

states at 2.16 MeV and 4.21 MeV above thei—a+t The potentials were parametrized using the Woods-Saxon
breakup threshold are listed in Table I. (WS) form

The cluster wave functions for the two resonant states
were calculated using the CDCC meth@d. An energy bin _ Vo,

. i > Viny=——"—F5— 9
width roughly corresponding to the empirical value was set I — Ry
for each of the two resonant states, and the wave functions expg 1+ ao;

calculated within the bins were averaged over the bin width.
The wave functions derived in this way were normalized toor the Gaussian form
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TABLE II. Parameters of the input optical model potentials.
Potential A is of a nonstandard form.

Vo Ry ag Vi R; a Shape Ref.
(MeV) (fm) (fm) (MeV) (fm) (fm)

t+“%He, A [14]
t+%He,B 87.00 1.80 0.70 10.00 1.80 0.70 WS [13]
t+%He,C 83.78 2.52 0.00 10.00 2.52 0.00 Gausfll]
a+*He, D 205.19 1.20 0.737 0.00 0.00 0.00 WS this work
a+*He, E 125.00 1.78 0.66 0.00 0.00 0.00 WS [17]
a+*He, F 122.62 2.132 0.00 0.00 0.00 0.00 Gausgl8]

Abs(V) (MeV)

V(r)=V p[ ( r ﬂ (10 N
r=Veexg—\s—| |
: Ro; R (fm)
) ) FIG. 4. The real parts of the cluster-folding potentials of differ-
and are listed in Table 1. ent ranks for the/Li +*He elastic scattering.

2
, (1D

Thet+“He potential listed as set B is the potential calcu-
lated microscopically by Neudatchet al. [13] with the ex-  MeV. The potential has only a real component and it is not of
change term neglected. a standard shape. It was parametrized in the following way:
Another possible choice for ther “He optical model po-
tential is to take the real potential of Buck and Merchdri ; r_R\2
that binds the two clusters intéLi and then add to it an Vs o(r)zvlexp( - +V2exp{—(—>
imaginary term with the same geometry, but whose depth is - a? b
varied to fit the experimentalLi+“He elastic scattering
cross section. The best results for both energies were olwith parametery/;=4.1 MeV, V,=0.82 MeV,R=1.60 fm,
tained with a depth of 10 MeV and the full potential is listed a=0.92 fm, andb=1.00 fm. We also used the spin-orbit
as set C in Table II. potential found by Karbagt al.[19] for the elastic scattering
Recently, scattering of polarizedHe from “He in the  of polarized *He from “He at an energy of 33 MeV. Since
energy range from 20 MeV up to 30 MeV was studied and ahe ’Li+“*He spin-orbit potential calculated from the spin-
potential consisting of central and spin-orbit terms was foundbrbit potential of Heiberg-Anderseat al. is stronger than
[14]. The central term has twécomplex components of that calculated from the potential of Karbanal, calcula-
different geometries: an energy-dependent Wigner compaions with these two potentials allow the role of the spin-
nent and a Majorana component which depends strongly oorbit potential in producing analyzing powers to be investi-
the orbital angular momentum. This /-dependence comes gated.
from the core(i.e., 3He) exchange process. In this work, the  The second rank tensor potential was calculated according
Wigner component of the central potential foPHe energy to the prescription given by Nishiokat al. [12] from the
of 20 MeV was used to generate théi+“He cluster- centralt, a-target potentials C and F of Table Il and from
folding interactions and is referred to as set A. the t-target spin-orbit potential of Heiberg-Andersenal.
Calculation of the’Li+“He potentials by means of the [14].
cluster—folding method at the two energies of 31.5 MeV and The third rank tensor potential corresponding to the trans-
45.5 MeV requires knowledge of the+*He optical poten- fer of the projectile spilAJ=3 in the elastic scattering is
tials at energies of 4/7 31518 MeV and 4/7 45,526  also determined entirely by thetarget spin-orbit potential in
MeV, respectively. There are experimental datadok*He  the frame of the cluster model dLi [12,20. It was calcu-
elastic scattering at an bombarding energy of 23.1 MeV lated from the same triton potential as the spin-orbit term.
[15], close to that required. A fit to these data was obtaine®ince the original spin-orbit potential was real, the resulting
using the code&cis79[16], starting from the parameters pro- spin-orbit and third rank tensor potentials were also real.
posed by Igo[15]. The potential obtained from this fit is In Fig. 4 the real parts of the central, spin-orbit, second
listed in Table Il as set D. We also used the potentials prorank tensor, and third rank tensor potentials for tHe
posed by Kukuliret al.[17] and Buck[18] for this scattering  +“He elastic scattering calculated using central potentials C
system, listed as sets E and F, respectively, in Table Il.  and F of Table Il and the spin-orbit potential of Heiberg-
A spin-orbit potential for’Li +“He can be derived within  Anderseret al.[14] are plotted. The spin-orbit and third rank
the cluster model from the empiriced “He spin-orbit inter-  tensor potentials are very weak, much weaker than the cor-
action[12]. The elastic scattering of polarized tritons from responding phenomenological potentials used in the optical
“He has never been investigated: therefore, we used the porodel analysis of the same data Jdff They are also much
tential found by Heiberg-Andersegt al. [14] for the elastic  weaker than the central or the second rank tensor cluster-
scattering of polarizedHe from “He at an energy of 20 folding potentials.
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10° ) : ing powers of the spin-orbit and the third rank tensor poten-
o He(Li, Ly He | g5 o A tial were negligibly small. All the calculated analyzing pow-
B G Bo16.55 MeV, C+F M ers were generated by the second rank tensor potential. The
IS B A oode g A large effect of the second rank tensor potential on the odd
Py N , rank tensor analyzing powers for polarizédi was first re-
w0 Ny . ported by Ohnishet al.[23,24]. Although its contribution to

the odd rank tensor analyzing powers must be a higher order
effect[23], it was much larger than the first order contribu-
tions of the spin-orbit and third rank tensor potentials. This is
almost exactly the opposite situation to polarized deuteron
elastic scattering, where second order effects of the spin-
orbit potential play a major role in generating the second
rank tensor analyzing powef&0]. The one-channel calcula-
tion described well all the second rank tensor analyzing pow-
ers as well asT 3, andiT43. The angular distributions of the
differential cross section, vector analyzing power, &g,
were not reproduced by the calculation. Since the coupling
potentials of the first and third ranks between the various
states in ‘Li, calculated by means of the cluster-folding
method, are larger than the potentials of the corresponding
ranks in the elastic channel, one may surmise that couplings
to the excited states ofLi will improve the description of

the vector and third rank tensor analyzing powers.

Test calculations were performed in order to check the
Ocm. (deg) O (de®) dependence of the final results on the number of bins in-
N . . . volved. They showed that the model space can be substan-
FIG. 5. Angular distributions of the differential cross section ially reduced. Bin states with relative angular momentum

. . . T
and analyzing powers of all ranks for elastic scattering of polarlzec{:2’4 were found to contribute very little to the final re-

7 4 _
Lifrom “He atEqn, 16.55 MeV. .The curves Shqw the reSL.mS of sults. Also, bins withL=1,3 corresponding to the lowest
coupled-channels calculations using cluster-folding potentials ob-

tained fromt+ “He potential set C and-+“He potential set F. The mean excitation energy of 0.38 MeV above the breakup
. . . threshold were found to be unimportant. Therefore, most of
parameters of the potentials are listed in Table Il. The dotted curv

. ) ®the calculations were performed with ten bin states, two reso-
correspond to a one-channel calculation with thteansfer process nant states. and the two bound states’lof These are re-
omitted, the dashed curves to a four-channel calculation with th?erred to a’s 14-channel calculations in what follows. The
excited states ofLi listed in Table | included plus transfer. The ’

solid curves denote the results of the full 14-channel calculationsame coupling scheme was used by Keityal. [25] in the

; 6,7, i 20
which includes coupling to the.+t continuum in addition to the anaoly‘:‘ils cl)fm L(Ij blre?]klljp ion fafr? lasti ttering dth
couplings included in the four-channel calculation. The dot-dashe ptical model analysis of the elastic scattering

curves denote the results of a similar 14-channel calculation with 2> sh_own that the process of triton tra_\ns_fer between the
the transfer spectroscopic amplitude increased by a factor of 3. projectile apd targe'g Improves th(_e descrlptlon_ of f[he large
angle elastic scattering cross section but has little impact on
the calculated analyzing powers. In this warkansfer lead-
ing to the ground, 1/2 first excited and 7/2 resonant states
Diagonal and coupling interactions derived by means obf ‘Li was included by means of the coupled-channels Born
the cluster-folding method were inserted into the coupledapproximatiofCCBA) method. To simplify the calculations,
channels codeRrResco[21], versionFrRxP.18. The coupled- the same optical model potential was assumed for all three
channels calculations were performed for the two sets of datexit channels. For 11.45 MeV this was potential number 4
measured at center of mass energies of 11.45 and 16.55 Melsted in Table | of Ref[1], while for 16.55 MeV it was
All the parameters were kept fixed for calculations carriedpotential number 2. The tensor parts of these potentials were
out at the two energies. In the coupled-channels calculationsmitted. The final results depended very weakly on the
each bin was treated as an excited statélof placed at an  choice of exit channel optical potential and were not sensi-
excitation energy equal to the mean energy of the bin. Fotive to its tensor term. The transition potential for theans-
the bound and resonant states 4fi, Nemetsetal. [22]  fer was taken in th@ostform with a full complex remnant.
predicted the spectroscopic amplitudes to be very close to In the following, coupled-channels calculations with
unity, so in the present work they were assumed to be equalansfer omitted are labeled CDCC, while those withans-
to 1.0. Scattering wave functions were calculated at the meatfer included are labeled CCBA.
energies of the bins and assumed to be energy independent
within a bin. V. DISCUSSION
A one-channel calculation was performed with the cluster-
folding potentials of Fig. 4. The results are shown in Fig. 5
by the dotted curve for théLi+“*He elastic scattering at The results of the calculations were found to depend
16.55 MeV. It was found that the contributions to the analyz-strongly on the parameters of the input*He and somewhat

0 50 100 150 0 50 100 150

B. Coupled-channels calculations

A. Sensitivity to optical potentials
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1o’ 4. 7 7 4, 1o’

c He('Li, Li)'He
10° E=16.55 MeV, 14ch CCBA| .
(mb/sr)

10°

4. Te o 1o ¥ 4
. He('Li, Li ) He
10 E=16.55 MeV, l4ch CCBA|

10'

0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150

0 50 100 150 0 50 100 150 0 ‘ 50 100 150 0 50 100 150
0., (deg) 0., (deg) 0., (deg) 0., (deg)

FIG. 6. Comparison of calculations for elastic scattering using FIG. 7. As for Fig. 6, but for inelastic scattering leading to the
cluster-folding interactions derived fromx+“He potential C of  1/2” first excited state ofLi.

Table Il and the three differerit+ “He optical potentials as dis- o )
cussed in the text. angular distribution was not reproduced by the calculations,

although the other analyzing powers are reasonably well de-

more weakly on ther+ *He optical model potentials used to scribed in the region for which data are available.
generate the/Li+*He cluster-folding interactions. In Figs. At the lower energyE. ,,=11.45 MeV, in contrast to the
6-9 the results of the 14-channel calculations wittansfer  results atE. ,,=16.55 MeV, the vector analyzing power for
to the ground, 1/2 first excited, and 7/2 resonant states of
’Li included atE.,,=16.55 MeV are shown. The calcula- oL L
. . . . . e(Li,Li YHe | g5
tions were performed with the cluster-folding interactions ;¢ E=16.55 MeV, 14ch CCBA| .
derived froma+*He potential F listed in Table 1l and each mbssn)
of the threet + “He potentials A, B, and C. Comparison with 10°
the experimental data for elastic scattering and inelastic scat
tering leading to the 1/2 first excited and 7/2 resonant
states of the projectile shows clearly that the details of the 1o°
angular distributions cannot be described. Although the over-
all magnitudes of the calculated analyzing powers are similarT 05
to the measured values and the shapes of the calculated a "2}
gular distributions are in many cases close to those observe
experimentally, the details are poorly reproduced for many
observables. The vector analyzing power was most sensitivi ,
to thet+*He potential. T. 02

As a result of this potential sensitivity, the analysis fo- ~“o.of _.
cused on effects larger than the discrepancies due to th -021™~
choice oft+“%He potential. There are angular ranges and
observables where the predictions presented in Figs. 6—9 dif o4
fer considerably from experiment. For elastic scattering at T,,02

10*

10'f"

E.m=16.55 MeV, the measured values idf;;, iT5;, and 0.015¢

T, at forward angles are much larger than the predictions. 02

Although the calculation with+“He potential C c]osgly re- s 50 00 150 0 50 o0 150

produces the shape of the measured angular distribution fo 0 (deg) 0 (deg)
c.am, c.m.

iT,, at forward angles, the calculated values are about 5
times smaller than the experimental ones. For inelastic scat- FIG. 8. As for Fig. 6, but for inelastic scattering leading to the
tering leading to the/Li 7/2~ resonance the measuréy;  7/2° resonant state ofLi.
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11.45 MeV 16.55 MeV 10' —
o . He('Li, 'Li)'He
10° E=11.45 MeV, 14ch CCBA| .
(mb/sr)
10°

T, (312)

10'

T,

T, (1/2)

T,
|
o= © o ©

oo o o » o’

T,, (7/2)

T,

-0.5

0 50 100 150 0 50 100 150
0., (deg) 0., (deg) 05

FIG. 9. Calculations as in Fig. 6 compared with the third rank
tensor analyzing powelT s, at the two incident energies for elastic 0.5

(3/27) and inelastic scattering leading to the first excited state of 0 50 100 150 0 50 100 150
’Li at E,=0.478 MeV (1/Z) and the resonant state Bj=4.68 0. (deg) 0. (deg)
MeV (7/27). o o

FIG. 10. Experimental data and results of coupled-channels cal-
the elastic scattering was well reproduced by the calculaculations for’Li+*He elastic scattering &, =11.45 MeV. The
tions, including forward scattering angldsee Fig. 10 solid curves denote the results of a 14-channel calculation which
However, large discrepancies between the calculations arjgcludedt transfer. The results of a similar calculation with the

the data were again observed idis, for elastic scattering strength of the octupole coupling potentials increased by a factor of
and inelastic scattering leading to tHei 7/2- resonance 5 are denoted by the dot-dashed curves. Calculations with dipole
(see Fig. 12 the calculations giving much smaller values couplings omitted are denoted by the dotted curves while calcula-

than experiment. Also, the description of the differential "°"S which omit qqadrumle couplings are.'nd'catEd by the d.aShed
cross section angular distribution for inelastic scattering tg orves. Al Calcmauons were performed using cluster-foldmg Inter-

S : ; actions obtained from+ “He potential C andv+“He potential F
the "Li 1/2" first excited state was very poor, especially at ;¢ topje 11

forward scattering anglesee Fig. 11

pling. They showed greater sensitivity to couplings to the
bound and resonant excited states.

Earlier analyses of polarizetLi scattering[12,23,24 re- Coupling between the excited states ‘“afi was found to
ported large changes to the elastic scattering vector analyzinthange the results of the calculations for all the observables.
powers when coupling to théLi excited states was included. In particular, calculations which omitted couplings between
This effect was also investigated in the present work. Arthe excited states produced much larger values of the differ-
example is shown in Fig. 5 foE.,,=16.55 MeV. One- ential cross section for inelastic scattering to the 1f2st
channel calculations produced vector analyzing powers as excited state of’Li. This effect can be explained by the
higher order effect of the second rank tensor potential. Thesienportant role played by the coupling between the 1é2ate
results were significantly modified by the inclusion of pro- and the 5/2 resonance at an excitation energy of 4.21 MeV
jectile excitation to the three excited states listed in Table labove thea+t breakup threshold. An example is given in
Inclusion of thea+t breakup states also changed the four—Fig. 11 where the solid curves show the results of a 14-
channel results. None of these effects, however, were able whannel CCBA calculation. The dashed curves denote the
produce the very large values of the vector analyzing powersesults of a similar calculation which includes couplings to
at forward scattering angles around 50° observed in the exust the 1/2 first excited and 7/2 and 5/2 resonant states.
periment. At the lower energi. ,=11.45 MeV, 14-channel The results of this four-channel calculation are close to the
CCBA calculations reproduced well the angular distributionfull 14-channel results for all observables, showing that cou-
of the vector analyzing power including its large values atpling to the continuum is not very important. However, the
forward scattering angles, as shown in Fig. 10. results of a similar four-channel calculation which omitted

For inelastic scattering to the I/Zirst excited and 7/2  couplings between the excited states, denoted by the dotted
resonant states coupling to ther-t continuum reduced the curves in Fig. 11, are very different from the previous results.
calculated values of the differential cross section but analyzAs the first excited state is not directly coupled to the™7/2
ing powers of all ranks were not very sensitive to this cou-resonance in our calculations the difference between the

B. Effects of projectile excitation
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1o’ 4. 7 Tr ¥4 1o’
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Ao e T
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10 — 14ch CCBA(A)
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.
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107" 107"
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FIG. 11. Experimental data and results of coupled-channels cal- FIG. 12. Experimental data and results of coupled-channels cal-
culations for “Li+*He inelastic scattering aE.,=11.45 MeV  culations for ’Li+“He inelastic scattering &E.,=11.45 MeV
leading to the first excited state &Ei. The solid curves denote the leading to the 7/2 resonant state ofLi at an excitation energy of
results of the full 14-channel CCBA calculation as in Fig. 10. The2.16 MeV above thex+t breakup threshold. The solid curves cor-
results of the four-channel CCBA calculation are shown by therespond to the full 14-channel CCBA calculation as in Figs. 10 and
dashed curves while the dotted curves denote the results of a simildd. The dashed curves denote the results fort-thensfer reaction
four-channel calculation which omitted couplings between the exwhile the dotted curves indicate the results of the CDCC calculation
cited states. The cluster-folding interaction used were the same agithout t transfer included. The dot-dashed curves correspond to a
for Fig. 10. 14-channel CCBA calculation with increased strength of the trans-

fer component.
dashed and dotted curves is entirely due to the coupling to
the 5/2° resonance. A large effect due to coupling between7/27
the first excited state ofLi and the 5/2 resonance was
previously observed in the elastic scattering of polarizied
from ?5Mg [3].

The role of different multipolaritied L of the couplings
between various states diLi was studied in the present
work and the results are shown in Fig. 10. Wh&éh=1 Triton exchange between the projectile and the target was
couplings were omitted in the CCBA calculations the resultsfound in our earlier analysis of théLi+“He elastic scatter-
at both energies were only slightly affected. To study theing data[1] to be relatively unimportant. Its inclusion af-
effects ofAL =23 couplings the model space was extended tdfected the differential cross section at backward scattering
include three bins corresponding to a relative cluster angulasngles and this contribution was more important for the
momentum ofL=4 and spinJ=9/2, placed betweerk  E.,,=11.45 MeV data. The current work confirms this find-
=0.25 fm ! and k=1.0 fm 1. The effect of coupling to ing. Although the transfer itself produces very large analyz-
these states was also found to be negligible. However, largiag powers of all ranks, it contributes to the scattering ana-
effects corresponding to thAL=2 couplings were ob- lyzing powers mainly at angles where the calculated cross
served. When the quadrupole couplings were omitted the cabection for transfer is comparable with the cross section for
culated values of the third rank tensor analyzing powers foscattering. One exception to this rule was observed for the
the elastic scattering were reduced to very small values, agector analyzing powers & ,,=16.55 MeV. Thet transfer
shown in Fig. 10 by the dashed curves. The vector and seeomponent contributed to th& ;; values at forward angles.
ond rank tensor analyzing powers were also strongly afA series of test calculations where the strength of the transfer
fected. TheT,, analyzing power exhibited the smallest sen-component was artificially increased showtke dot-dashed
sitivity to the AL=2 couplings. This was also true for curves in Fig. % that the large measured valuesi®f; can
inelastic scattering to the 772resonance. This can be ex- only be reproduced with an unphysically large spectroscopic
plained by the fact thattransfer to the ground state and the amplitude. These test calculations also produced better

resonance produces angular distributions Tgy that
are very similar to those generated by the inelastic excita-
tions.

C. Effects of the triton transfer process
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agreement withT 3; at forward angles, although in this case poorly described by the calculations. The spin-orbit and third
the effect is not so pronounced. rank tensor potentials calculated by means of the cluster-
The calculated cross sections fdransfer to the’Li 7/2~  folding model from thet+“*He spin-orbit potential did not
resonance were much larger than the cross sections for tranave an important influence on the final results for any of the
fer to the ground state or the first excited state at tiggh, ~ OPservables. Triton transfer and the choice of the'He
—11.45 MeV andE,. ,=16.55 MeV. In Fig. 12 the dashed Potential did not affectiTs; to any considerable extent.
curves show the effect aftransfer to the 7/2 resonance, the Coupled-channels calculations confirmed to some extgnt the
dotted curves the effect due to projectile excitation, and th&"oNng correITatlon between the vectdiTy, and the third
solid curves the total results Bt ,=11.45 MeV. At scatter- ank tensor, Ty, analyzing powers. At the lower energy
ing angles larger than 125° the measured values of the diffe.m=11.45 MeV, a good description of both these analyz-
ferential cross section are an order of magnitude larger thalfd Powers was achieved while at the higher enefigy,
the CDCC results. Whehtransfer was includedthe solid = 16-55 MeV, where the vector analyzing power was not
curves this discrepancy was significantly reduced. The deWell reproduced by the calculation8T 3 was also not well
scription of theiTy;, T,0, To1, andiT analyzing powers described. . .
was also improved. The other analyzing powers, in particular 1€ d_escrlptlon7 of all t_he_ observables for inelastic scatter-
T,,, did not show such a sensitivity to théransfer process. N9 leading to the’Li 1/2™ first excited state was poor, es-
As the measured differential cross section at backward€cially for the data &, =11.45 MeV. All the observables
angles was still larger than the calculations, we performedor this process were not very sensitive to theansfer or
CCBA calculations with an artificially increasedtransfer ~€ouplings to thex+t continuum. They depended mainly on
spectroscopic factor. The results are shown in Fig. 12 by théhe reorientation of the/Li ground state and the coupling
dot-dashed curves. A similar effect to that produced by inPetween the ground state and the first excited state and that
creasing the spectroscopic factor can be obtained by using@tween the first excited state and the 5f2sonance at an
different t+“He optical potential to calculate the cluster— €xcitation energy of 4.21 MeV above the+t breakup
folding interactions, as shown in Fig. 8. threshold. o _
For inelastic scattering leading to the first excited state of [N generalt transfer between the projectile and target is
7Li the calculated cross section fotransfer was an order of relatively unimportant. Its largest influence is on the inelastic
magnitude smaller than for the 7/2resonance. Therefore, Scattering leading to théLi 7/2” resonance at an excitation

the effect oft transfer on this channel is small. energy of 2.16 MeV above the-+t breakup threshold. The
large values for the vector analyzing power measured experi-
V1. SUMMARY mentally for this process originate from interference between

thet transfer and inelastic excitation processes.

A large amount of experimental data, 54 angular distribu- The question as to whether a third rank tensor potential is
tions, were measured with very high precision for elastic andequired to describe the third rank tensor analyzing powers
inelastic scattering of polarizedLi from “He at two 'Li could not be fully answered by the present work. Although
incident energies. Full sets of analyzing powers were obthe data were found to be insensitive to the third rank tensor
tained for the first time for inelastic scattering leading to theinteraction calculated using the cluster-folding model, the de-
1/2- first excited and 7/2 resonant states ofLi. Predic-  scription of the data by the calculations is not good. In par-
tions based on simple models showed that the quadrupolicular, the large values of the measurébs; analyzing
interactions play a dominant role in all the experimentallypower obtained at forward angles féti+*He elastic scat-
investigated processes. These predictions were confirmed lgring atE. ,,=16.55 MeV were not reproduced by the cal-
large-scale coupled-channels calculations which included theulations and the origin of this discrepancy remains unclear.
effect of direct and sequential breakup ‘@fi into an « par- Generally, comparison of the calculations and data sug-
ticle and a triton and which further included triton exchangegests that the most interesting third rank tensor analyzing
between the projectile and target. All the parameters used ipower for elastic scattering and inelastic scattering to the
the calculations were derived from previous works on the7/2” resonance i$T ;. This analyzing power is larger than
scattering of tritons ane particles from*He as well as the eitheriT4, or iTg; and its description by the calculations
cluster structure of Li. caused the most serious problems. The analyzing powers

For the elastic scattering, the differential cross section andiT 3, andiT 33 were found to be mainly sensitive to the quad-
the vector analyzing powef ;; were found to be very sen- rupole interaction generated by thkei quadrupole deforma-
sitive to projectile excitation. Also, the triton exchange pro-tion and, to a lesser extent, by projectile excitation.
cess between the projectile and target mostly affected these Overall, the quality of the description of the experimental
two observables. The second rank tensor analyzing powerata by the large-scale coupled-channels calculations was de-
T, andT,; and the third rank tensor analyzing powéfs,  termined in large part by oulack of) knowledge of thet
andiT z3 originated mainly from the quadrupole reorientation +“He interaction. Some observables, such as the elastic scat-
of the ’Li ground state. Quadrupole couplings to the excitedtering vector analyzing power, were very sensitive to the
states of’Li modified these results but not as much as for thechoice of thet+“He interaction and the lack of a precise
vector analyzing power or cross section. The measured valetermination of this interaction at the required energies is a
ues ofiTz; were larger than those of the other third rank major handicap to our analysis.
tensor analyzing powers. At both incident energies they were Problems with the description of the data for inelastic
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scattering to the/Li first excited state may point to a prob- body continuum calculation, for which a theoretical frame-
lem with the cluster model ofLi. All the observables for Wwork does not currently exist. Nevertheless, we were able to
this process were found to depend on very few elements show the importance of quadrupole couplings’ls in the
the quadrupole couplings between the ground state, first eXgeneration of analyzing powers of all ranks, even if the
cited state, and the 5/2resonant state ofLi. agreement with data is more qualitative than quantitative.
In summary, we must conclude that the present data carFhese data evidently provide a severe test for modeld_bf
not be described using the best currently available model@nd will prove a challenge for more sophisticated many-
Although we found that the results of these calculations wer@ody continuum calculations that may be devised in the
very sensitive to the choice of+“He optical potential, future.
which is not known precisely enough, our analysis also indi-
cates that ther+1t cluster—folding model of Li itself is not
adequate to describe such data at bombarding energies well
above the Coulomb barrier. In this energy regime clustering The authors would like to thank Dr. H. Heiberg-Andersen
modes ofLi other than thew -+t may be important, such as for making available hisHe+“He potentials prior to publi-
6Li +n (threshold 7.25 MeY, °He+d (threshold 9.52 Me}, cation. This work was supported by the U.S. National Sci-
SHe+p (threshold 9.98 MeY, etc. In order to include the ence Foundation, the State of Florida, and NATO, Grant No.
effect of such clustering modes one would require an eightPST.CLG.978953.
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