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First complete set of spin 3Õ2 nuclear scattering analyzing powers
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The first complete set of analyzing powers for any nuclear spin3
2 beam is reported. Analyzing powers and

elastic cross section are presented for4He(7LiW,7Li) 4He 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 powersiT31 and iT33 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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I. INTRODUCTION

The pioneering studies of polarized6,7Li scattering by the
Hamburg-Heidelberg-Marburg group found two remarka
results. The first was that the measured vector analyz
power was of opposite sign for6Li and 7Li elastic scattering
@1#. The second was that the elastic second rank tensor
lyzing power for7Li scattering was much larger than that f
6Li scattering@2,3#. Both sets of data were taken at energ
where the scattering was of the Fresnel type so that semi
sical models could be applied to them. The second rank
sor analyzing power results provided clear evidence for s
tering from the nonspherical part of the7Li mass
distribution. Later coupled-channels calculations showed
the vector analyzing powers arise from virtual excitati
coupling between the projectile states rather than from
spin-orbit potential.

With the availability of higher-energy polarized Li beam
it became possible to obtain analyzing power data in
Fraunhofer scattering regime. Measurements of cross
tions and analyzing powers for the elastic scattering
6,7Li112C at about 20 MeV@3,4# and 6,7Li126Mg at 44
MeV @5,6# were obtained. While the second rank tensor a
lyzing powers for 7Li were still considerably larger than
those for6Li there was no clear contrast between the vec
analyzing powers of the two isotopes, with both exhibiti
considerable oscillatory structure. However, the vector
second rank tensor analyzing powers could still be und
stood in terms of channel couplings to the excited states
the deformed shape of7Li. The vector analyzing powers

*Present address: National Institute for Occupational Safety
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were not as well described as in the Fresnel scattering
gime.

In addition to their different shapes, the other major d
ference between the Li isotopes is their nuclear spins.
6Li the ground state spinJ51, whereas for7Li, J53/2.
This has important consequences for the spin observa
that can be measured for the two isotopes. For nuclei of s
J51 only analyzing powers up to and including the seco
rank tensor exist, whereas for nuclei of spinJ53/2 third
rank tensor analyzing powers may be measured in additio
the vector and second rank tensor. Previously, the only t
rank analyzing power that has been measured for7Li scat-
tering is TT30, for both the the Fresnel@7# and Fraunhofer
@5# scattering regimes. In both cases,TT30 was found to be
very small ~essentially zero for the Fraunhofer scatterin!
and virtually structureless.

While TT30 could be well described for the Fresnel da
(44 MeV7Li1120Sn), to date no calculation has been ab
to fit this analyzing power for the Fraunhofer da
(44 MeV7Li126Mg). Tungate et al. @7# found that they
were able to obtain a good description ofTT30 for the 7Li
1120Sn elastic scattering without the need for a third ra
tensor potential. Coupled-channels calculations@5,8# for the
7Li126Mg elastic scattering produced large, highly oscill
tory TT30 angular distributions, in contrast to the measur
values.

The motivation for the current work is threefold. First, b
measuring a complete set of third rank analyzing powers
wished to establish whetherall the third rank analyzing pow-
ers are small, asTT30 is a ‘‘composite’’ analyzing power
formed by combiningiT31 and iT33. Thus, it may be small
due to cancellation of these two analyzing powers. Coup
with this, we also wished to establish whether the third ra
analyzing powers remain small for a light target such as4He
d
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and at a higher relative bombarding energy than the prev
measurements. Secondly, we wished to investigate the q
tion as to whether a third rank tensor potential was neces
to describe third rank analyzing powers. Using simplea-t
cluster folding arguments, Mukhopadhyayet al. @9# postu-
lated the existence of a third rank tensor potential of sec
derivative Woods-Saxon form. However, as mention
above, Tungateet al. @7# found no evidence of the need fo
such a potential to describeTT30 for 44 MeV 7Li1120Sn
elastic scattering. Again, we wished to establish whether
finding still holds for lighter targets and in the Fraunhof
scattering regime. Finally, there is the question of the ph
cal origin of the third rank analyzing powers; what proce
or processes actually generates them? We leave this que
to a future investigation employing continuum-discretize
coupled-channels~CDCC! calculations.

The present work reports the first complete set of ela
scattering analyzing powers measured for a spin 3/2 pro
tile. Complete sets of analyzing powers including the f
third rank were measured at the two center-of-mass b
barding energies of 11.5 and 16.5 MeV for the system7Li
14He. The target4He was chosen because it has no lo
lying excited state so that the observed analyzing pow
should arise solely from the7Li projectile. Also, a complete
set of 6Li14He analyzing powers has been recently pu
lished@10# so that a comparison of the two data sets provi
a direct measurement of the role played by the structure
the two nuclei. The present results, when combined w
recently published6He14He @11# and 6Li14He @10# data,
provide data sets that can test models of scattering by loo
bound nuclei.

The new data set is analyzed in this work in terms
phenomenological optical potentials. A search was made
evidence of the presence of a third rank tensor potentia
the 7Li14He interaction. The possible role of triton ex
change in this scattering was also investigated. The app
bility of the shape effect relations@12–14#, which allow the
second rank tensor analyzing powersT20, T21, andT22 to be
obtained fromTT20, was also investigated.

II. EXPERIMENTAL PROCEDURE

The Florida State University~FSU! optically pumped po-
larized lithium ion source~OPPLIS! @15# was used to pro-
duce a 7Li beam preferentially in one of the7Li magnetic
substatesmI5

3
2 , 1

2 , 2 1
2 , and2 3

2 , referred to as stateNm .
The data acquisition system cycled the polarization state
the beam automatically through the unpolarized state
each of the polarized statesNm as required, spending ap
proximatively three minutes in each state. After ionizati
and charge exchange in a cesium charge exchange cel
beam passed through the magnetic field of a Wien filte
properly orient the spin quantization axis. It was then acc
erated by the FSU Super FN Tandem accelerator to an
ergy of 34 MeV. The scattering chambers consisted of an
cm diameter evacuated chamber followed by a helium-fil
chamber at 380 Torr. The 34 MeV beam was slowed do
to 31.5 MeV in the helium target volume by passing throu
a Havar foil, which isolated the helium gas from the evac
06460
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ated 85 cm chamber, and 26 cm of gas to the center of
helium-filled chamber. For the 16.5 MeV c.m. analyzin
power measurements, the FSU Superconducting Linear
celerator provided additional acceleration to 47.6 Me
which was reduced to 45.5 MeV within the helium targ
volume. All the analyzing power data reported here we
taken in the helium-filled chamber, while the beam polariz
tion on target was measured in the 85 cm scattering cham

Two DE-E silicon surface barrier telescopes, placed sy
metrically on each side of the beam, were arranged to ro
about the center of the helium-filled chamber. The collim
tion system on each telescope subtended a polar ang
width of 0.8 °. The angular calibration of the detectors w
established by normalizing the relative yields to the abso
cross section angular distribution reported by Binghamet al.
@16# for a16Li at Ec.m.511.1 MeV. An unpolarized6Li
beam from the Cs sputter source was used for this ang
calibration. TheDE thickness was chosen such that the sc
tered 7Li and recoil 4He nuclei could be distinguished at a
angles, allowing measurements simultaneously at two c
scattering angles, one forward and one backward, for e
detector angle setting.

The beam polarizations were calculated using the eq
tions

t105A9

5F ~n3/22n23/2!1
1

3
~n1/22n21/2!G ,

t205~n3/21n23/2!2~n1/21n21/2!,

t305A9

5F1

3
~n3/22n23/2!2~n1/22n21/2!G , ~1!

where the fractional populationsnm of the substatesmI , nor-
malized by(mnm51, were measured at the source by mea
of laser induced fluorescence~LIF! and were measured o
target using thep(7Li, a)a reaction at 0°@7# in the 85 cm
chamber. The beam polarization was measured appr
mately every two hours with this detector during the da
acquisition. Typical beam polarization values weret10
50.5460.02, t2050.6060.03, and t3050.5560.03. The
lithium beam polarizations produced by OPPLIS have be
found over several years of operation to be stable to wit
65% when the optimum laser power level for the optic
pumping is maintained. This stability was observed dur
the present work.

The spin axis orientations and the equations used to m
sure the analyzing powers in this work are presented h
with attention to the appropriate sign changes required
use with the recoil nuclei data. The Madison frame has thẑ

axis parallel to the projectile momentumk̂i and theŷ axis
given by k̂i3 k̂f wherek̂f is the direction of the ejectile mo
mentum. In this frame, the direction of the spin axis on tar
is defined by the anglesb andf, with b measured from the
ẑ axis to the spin axis andf measured from theŷ axis to the
projection of the spin axis onto thex-y plane. The cross
sectionspol measured for a spin32 polarized beam is ex-
panded in the Madison frame as
1-2
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spol5sunpF11A2 sinb cosft10iT111
1

2
~3 cos2b21!t20T20

1A3/2 sin 2b sinft20T212A3/2 sin2b cos 2ft20T22

1
1

2
A3 sinb~5 cos2b21!cosft30iT31

1A15/8 sinb sin 2b sin 2ft30iT32

2
1

2
A5 sin3b cos 3ft30iT33G . ~2!

When the polarization axis is set parallel to the beam m
mentum (b50°), Eq. ~2! reduces to

spol

sunp
215L215t20T20, ~3!

wherespol andsunp refer to the observed cross sections
sulting from the use of polarized and unpolarized bea
respectively andL is defined asspol /sunp . This equation
also holds for the right detector observations, labeledR. This
equation does not change sign upon measurement of a r
nucleus. The beam was cycled through the unpolarized s
and theN3/2 state to create a larget20.

With a spin axis orientation defined asb5135 ° andf
5270 °, the analyzing powerT21 of a scattered nucleus ca
be determined using the relation

L2R5A6t20T21. ~4!

The value ofL2R changes sign upon measurement o
recoil nucleus. At the same orientation, the tensor analyz
power TT20 of a scattered nucleus can be determined us
the relation

L1R2252t20
TT20. ~5!

It should be noted that this equation is given incorrectly
Ref. @17#, the minus sign in front oft20 being omitted there.
This equation does not change sign upon measurement
recoil nucleus. The beam was cycled through the unpolar
state and theN3/2 state to create a larget20.

A spin axis orientation on target ofb590 ° and f
530 ° yields

L2R5A6t10iT112
3

2
t30iT31. ~6!

The value ofL2R changes sign upon measurement o
recoil nucleus. The beam was cycled through the unpolar
state and theN1/2 state to create a larget30.

A spin axis orientation on target ofb554.7 ° andf
545 ° yields

L1R2252.1t30iT32. ~7!

This equation does not change sign upon measurement
recoil nucleus. The beam was cycled through the unpolar
state and theN1/2 state to create a larget30.
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The transverse frame@19# has theŷ axis parallel to the
projectile momentumk̂i and theẑ axis given byk̂i3 k̂f where
k̂f is the direction of the ejectile momentum. The anglec is
measured from theẑ axis to the spin axis andr is measured
from thex̂ axis to the projection of the spin axis onto thex-y
plane, the reaction plane. The analyzing powers expresse
the transverse frame are denoted by a left superscriptT, and
the polarized cross sectionspol is written

spol5sunpF11cosct10
TT101

1

2
~3 cos2c21!t20

TT20

2A3/8 sin2ct20~
TT2,22e2ir1TT22e

22ir!1
1

2
~5 cos3c

23 cosc!t30
TT301A15/8 sin2c cosct30~

TT3,22e2ir

1TT32e
22ir!G . ~8!

Orienting the spin quantization axis in the direction norm
to the scattering plane atc5180 °, i.e., ‘‘down,’’ the set of
equations

t10
N3/252

9

5TT10F 1

(
i

L i

@2L3/214/3L1/21 2/3L21/2#21G ,

t20
N3/251

1
TT20F 1

(
i

L i

@L3/22L1/22L21/21L23/2#G ,

t30
N3/252

3

5TT30F 1

(
i

L i

@4/3L3/212L21/21 2/3L23/2#21G
~9!

holds, whereLm denotes the polarized to unpolarized cro
section ratio seen by the left detector with the beam in
Nm polarization state. The sum is overi 53/2,1/2,21/2,
23/2. The equation fort30 is given incorrectly in Refs.@17,
18#, which haveL1/2 in place ofL21/2. Upon measuremen
of a recoil nucleus, the second rank equation does not cha
sign, but the odd ranks do. Note that for the right detec
(R), the spin axis orientation may be expressed asc50 °
and the odd ranks of Eq.~9! will contain an additional over-
all negative sign. At the same orientation, normal to the sc
tering plane atc5180 °, i.e., ‘‘down,’’ the second ranks ar
isolated using only one polarization state and the ‘‘of
state,

1

2
~L1R22!5t20

TT20. ~10!

This equation does not change sign upon measurement
recoil nucleus. The beam was cycled through the unpolari
state and each of theNm states.
1-3
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FIG. 1. Cross section, vecto
analyzing poweriT11, and second
rank tensor analyzing powersT20,
T21, and T22 for the 6Li14He
elastic scattering at 11.1 MeV
c.m. ~open circles! and for the
present 7Li14He elastic scatter-
ing at 11.5 MeV c.m. ~solid
circles!. The 6Li data are from
Ref. @10#.
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The remaining analyzing powers may be found throu
the interframe relations

T2252A2

3FTT201
1

2
T20G , ~11!

iT3352A4

5SA3

4
iT311

TT30D . ~12!

For the unpolarized7Li( 4He,4He)7Li differential cross sec-
tion measurements, the spherical deflector of OPPLIS
removed and replaced by a radio frequency helium sou
which ionized the atoms to the4He1 state. The helium ions
negatively charged after charge exchange, were accele
by the FSU Super FN Tandem accelerator to energies o
and 26 MeV, corresponding to center of mass energie
11.5 and 16.5 MeV, respectively. The beam then scatte
off a 100 mg/cm2 7Li target enriched to 99%, evaporate
onto a Formvar backing, and placed in the 85 cm scatte
chamber. TwoDE-E silicon surface barrier telescopes we
mounted symmetrically in the chamber on either side of
beam axis to allow identification of the scattereda particles.
One telescope was kept fixed, serving as a monitor of be
intensity and target conditions while the other detector te
scope was moved through the different angle settings of
distribution. Both the scattereda and the recoil7Li nuclei
were detected simultaneously so that two angles in the
tribution were measured at once. The Havar foil and heli
filled chamber were replaced by a beam stop so that pro
beam current integration could be achieved during the an
lar distribution runs. The data at 11.5 MeV c.m. were n
malized to that of Binghamet al. @16# to obtain the product
NdV of the target thickness times the detector solid ang
needed to establish the absolute cross section for the
MeV c.m. scattering. The absolute error in the 11.5 M
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c.m. cross sections reported in Ref.@16# was 5%. The abso-
lute error in the 16.5 MeV data is 8% and is based on
measurements of NdV on four separate occasions.

III. ANALYSIS AND RESULTS

The importance of comparing6Li and 7Li analyzing
power measurements was dramatically demonstrated
early vector analyzing power results for6,7Li158Ni elastic
scattering @1–3#. Tungate et al. @1# showed that, in the
Fresnel regime, the elastic scattering vector analyzing po
was positive for6Li158Ni and negative for7Li158Ni. How-
ever, folding model calculations that included a realis
spin-orbit potential predicted positive vector analyzing po
ers for both projectiles. In addition, subsequent work fou
that the magnitude of the second rank tensor analyz
power TT20 was small (,0.03) for 6Li158Ni, but consider-
ably larger (;20.15) for 7Li158Ni @2#.

Previous elastic scattering analyzing power measurem
for the system6Li14He reported by Greenet al. @10# at a
c.m. energy of 11.1 MeV may be compared to the pres
7Li14He data. The6Li14He data were well described by
phenomenological optical model analysis that required
explicit but relatively weak spin-orbit potential, and an a
gular momentum dependent imaginary potential. An expl
second rank tensor potential was found to be relatively
important.

Figure 1 displays the present 11.5 MeV c.m.7Li data
along with the 11.1 MeV c.m.6Li data of Greenet al. @10#.
In contrast to what was found in the Fresnel scattering
gime there is no clear difference between the vector ana
ing powers for the two Li isotopes,iT11 being large and
exhibiting considerable oscillatory structure for both6Li and
7Li. The main difference between the two data sets is in
second rank analyzing powerT21, which is very close to
1-4
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FIRST COMPLETE SET OF SPIN 3/2 NUCLEAR . . . PHYSICAL REVIEW C 63 064601
zero for the6Li scattering, but large for the7Li scattering.
T22 is much larger for7Li than for 6Li but the difference is
not as dramatic as forT21, especially at large angles.

The two nuclei are both characterized by a low break
threshold (;1.48 MeV for 6Li and ;2.47 MeV for 7Li)
but have very different ground state quadrupole mome
The nucleus6Li is almost spherical (Qs520.09 e fm2)
whereas7Li is highly deformed (Qs524.00 e fm2). Com-
paring the two present data sets shows that these stru
differences also dominate several features of the elastic s
tering data in the Fraunhofer scattering regime. Howeve
also shows that some features are similar in the two data
in this predominantly nuclear scattering regime.

A. 7Li shape effect

The large spectroscopic quadrupole moment of7Li has
been shown to play a major role in the scattering of polari
7Li. When the 7Li beam is aligned, its quadrupole mome
is also aligned and in a semiclassical picture presents a s
different from that of an unpolarized beam. During the fi
7Li tensor polarized scattering experiments trends in the d
showed a definite relationship between the second rank
sor analyzing powers. By assuming that the object be
scattered, i.e.,7Li has an oblate shape, Tungateet al. @12#
and Morozet al. @2# derived the shape effect relations.

The shape effect relations which connect the second r
analyzing powers are given by

T2052
1

2
~123 cosu!TT20~u!,

T2152A3

2
sinuTT20~u!,

T2252A3

8
~11cosu!TT20~u!, ~13!

whereu is the scattering angle. These relations were or
nally developed for scattering near the Coulomb bar
where semi-classical models could be used. However,
mezet al., with a quantum-mechanical derivation, extend
their application to all energies where the nuclear interac
is important by invoking the concept of tidal symmetry@13#.
Subsequently, Ottet al. determined the regions where th
symmetry is not broken and therefore should apply@14#.
These regions correspond to those where the isocentrif
approximation, assumed by Gomezet al., is valid. Ottet al.
derive an isocentrifugal parameterd which is small (,0.2)
for scatterings which satisfy this criterion. The shape eff
relations apply for scattering in the Fresnel regime, wh
involves heavy targets with low7Li bombarding energies, a
d is always small in these cases. This regime is character
by smooth angular distributions for both cross section a
analyzing powers. On the other hand, scatterings in
Fraunhofer regime, which involves light targets and hi
beam energies, have oscillatory cross section angular d
butions and do not follow the shape effect relations as w
as scatterings in the Fresnel regime. Ottet al. demonstrate
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that elastic scattering in the Fraunhofer regime can foll
the shape relations quite closely, provided that the isoc
trifugal approximation is valid andd is small. This was
found to be the case for the 44 MeV7Li126Mg elastic scat-
tering, which is in the Fraunhofer regime but for which th
shape effect relations still hold to a reasonable approxim
tion.

The present scattering data are in the Fraunhofer reg
as expected for a very light target such as4He, and have
large (.0.4) values ofd. Therefore, we do not expect thes
data to be very well described by the shape effect relati
but it is important nevertheless to test this expectation. T
results are shown in Fig. 2 for the7Li14He elastic scattering
at the two c.m. energies of 11.5 and 16.5 MeV. The data
each second rank tensor analyzing power are given by
solid circles, while the solid lines are calculated using E
~13!. Although the shape relations give values which do
times follow the data, this is probably merely fortuitous. T
lower energy 11.5 MeV data clearly follows these relatio
better than the 16.5 MeV data even though the 11.5 M
second rank tensor analyzing powers are larger and m
oscillatory than those at 16.5 MeV. This result is to be e
pected from the arguments of Ottet al., as the lower energy
has a smaller value ofd.

B. Optical model calculations

The goal of the optical model analysis described here i
determine the form of the potentials required to describe
measured cross sections and analyzing powers, inclu
whether a third rank tensor potential is required to descr
the third rank analyzing powers.

The central imaginary potential was modified to accou
for the possibility that the large cross section found in sc
tering from light targets at backward angles results from
inability of the system to absorb a larger angular momentu
This modification, known asJ dependence, has been show
to simulate the strong virtual channel coupling found in6Li
scattering@20,21# when combined with phenomenologic
Woods-Saxon central potentials.

The calculations were carried out using the optical mo
codeHERMES@22#, which allows the calculation of third rank
analyzing powers. Since this code had not been extensi
used to calculate third rank analyzing powers, numer
checks of this part of the code were carried out. An error
the calculation of the third rank analyzing poweriT31 was
found and traced back to a paper by Cook and Philpott@23#
which lays out the matrix element summations used
HERMESfor a spin 3/2 system. The correct equation foriT31,
which was inserted inHERMES, is

s iT315A1

5
Im@~AB* 1CD* 1EF* 1GH* !

2A3~BC* 1FG* !#. ~14!

The only change between Eq.~14! and the original equation
~6f! in Ref. @23# is to replace the lastE in the equation with
an F.
1-5
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FIG. 2. Second rank analyzing
powers measured for the7Li
14He elastic scattering at 11.5
MeV c.m. ~left! and 16.5 MeV
c.m. ~right!. The solid lines show
the shape effect relations calcu
lated using Eqs.~13!.
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The potentials used in the calculations are real and im
nary Woods-Saxon central potentials, real and imagin
spin-orbit potentials, and real rank-2 and -3 tensor potent
The forms of the potentials used inHERMES are outlined by
Cook @22#, with theJ-dependence modification of the imag
nary central potential given by Trckaet al. @20,21#. These
potentials all utilize the volume Woods-Saxon radial fo
given by

f x~r !5F11expS ~r 2Rx!

ax
D G21

, ~15!

whereax is the diffuseness and the radiusRx uses the con-
vention Rx5r xAT

1/3, where AT is the mass of the targe
nucleus andr x is the radius parameter used inHERMES. The
real and imaginary central potentials are given by
Woods-Saxon potential form

V~r !52V0f x~r !. ~16!
06460
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e

The imaginary part invokes an angular momentum dep
dent absorption and contains an extra factorf (J)5@1
1e(J2Jc)/DJ#21. The parametersJc and DJ are the cutoff
and diffuseness angular momentum parameters@20,21#. In
HERMES, the real and imaginary spin-orbit potentials have t
Thomas form given by

VSO~r !5S \

mpcD 2 VSO

r

d

dr
f x~r !, ~17!

where (\/mpc) is the pion Compton wavelength, and
multiplied by (lW•sW) for the full potential. A Raynal tenso
potential@24# of the form

VT2
~r !526A3VT2

d2

dr2
f x~r ! ~18!
1-6
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is used when second rank tensor potentials are included
nally, for the third rank potential, the Irshad and Robs
tensor potential@25# is used and its form is given by

VT3
~r !52VT3

r 2
d2

dr2
f x~r !. ~19!

This form was chosen for the third rank potential followin
the work of Mukhopadhyayet al. @9#. Using a simplea-t
cluster folding picture of7Li they derived a potential for7Li
elastic scattering consisting of central, spin-orbit, and sec
and third rank tensor potentials. The central and second
tensor potentials arose from the centrala-target andt-target
potentials used in the folding procedure, whereas the s
orbit and third rank tensor potentials were produced by
t-target spin-orbit potential. The central form factor w
found to be of Woods-Saxon shape, while the spin-o
form factor was of the usual Woods-Saxon derivative sha
Both the second and third rank tensor potentials were
second derivative Woods-Saxon shape. Based on these
ments, we confined our search for a third rank tensor po
tial to one of second derivative form.

The parameter sets 1 and 3 in Table I were obtained
starting with the6Li14He parameters of Greenet al. @10#.
Owing to the large number of data points and the size of
parameter space involved, merely minimizingx2 in order to

TABLE I. Optical model parameters used in theHERMES and
FRESCOcalculations. The Coulomb radiusRc was 3.31 fm. Set 1~3!
describes the 16.5~11.5! MeV data using the optical model withJ
dependence. Set 2~4! is used for the 16.5~11.5! MeV calculations
that include the transfer contribution. The radius parametersr x are
given asRx5r xAT

1/3. The potential numbers in brackets are valu
in FRESCO that give the same elastic scattering description
HERMES. Potential depths are in MeV, radius, and diffuseness in

Set 1 2 3 4

Central V 100.2 153.2 120.2 136.2
Real r R 1.71 2.2 1.71 2.2

ar 0.65 0.44 0.65 0.58
Central W 20.5 15.6 12.5 12.4
Imaginary r W 3.09 2.2 3.09 2.2

aW 0.65 0.44 0.65 0.58
Spin orbit VLS 1.0 7.4~3.7! 1.0 7.4~3.7!

r LS 2.5 2.2 2.5 2.2
aLS 0.65 0.44 0.65 0.58

Spin orbit WLS 2.8 2.8
Imaginary r WLS

2.5 2.5
aWLS

0.65 0.65
Tensor VT2

23.87 21.47~28.3! 23.87 22.57~210.0!
r T2

1.5 2.2 1.5 2.2
aT2

0.45 0.44 0.55 0.58
Third rank VT3

23.67 23.67
r T3

1.5 1.3
aT3

0.45 0.45
J dependence JC 3.8 3.8

DJ 1.2 1.2
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obtain the best fit was found to be inadequate. Conseque
a series of grid searches was carried out and the results
ted using a semiautomated procedure. The quality of the
sultant fits was then assessed subjectively. This process
to the best simultaneous fits to the cross section and ana
ing power data that we were able to obtain.

The grid searches were carried out in the following ma
ner. The real central potential depth was varied from 80
110 MeV in steps of 10 MeV and the imaginary potent
depth was varied from 15 to 25 MeV in steps of 2.5 Me
The real spin-orbit potential depth was varied from 5 to
MeV in steps of 2.5 MeV while the tensor potential dep
was varied from 2 to 5 MeV in 1 MeV steps. Th
J-dependence parameterJC was varied from 2.5 to 4.5 in
steps of 1 while the diffusenessDJ was varied from 0.8 to
1.6 in steps of 0.4. Also, the radii were varied from 1 to 3
in 1 fm steps while the diffuseness was tried at 0.45, 0.
and 0.85 fm.

This grid search mainly established the parameters for
central potentials andJ-dependence terms, and gave only
idea of the values for the rest of the parameters. The cen
potentials were ‘‘fine tuned’’ by considering just the cro
section, and then the spin-dependent potentials~spin-orbit,
second, and third rank tensor! were added to the calculations
The values of the parameters for these potentials were fi
tuned by considering their effects on the analyzing powe
These spin-dependent potentials are much weaker than
central potential so their effect on the cross section was
pected to be small. However, we ensured that the cross
tion was not adversely affected while the spin-dependent
tentials were being varied. The optical potential parame
were established for the 16.5 MeV data first. These par
eters were then used as a starting point for the 11.5 M
searches. The final parameter values for the best descrip
of the 16.5 MeV and 11.5 MeV data are given by sets 1 a
3 in Table I, respectively.

All the optical model calculations includedJ-dependent
imaginary central potentials. If theJ dependence was no
included, the calculations were found to be insensitive to
presence of the spin-dependent potentials~spin-orbit, second,
and third rank tensor!. The basic~real1 J-dependent imagi-
nary central potentials! calculation generated analyzing pow
ers of all ranks, as expected since theJ-dependence facto
represents channel coupling to the excited states of7Li.
However, the predicted values ofT21 and the third rank ana
lyzing powers were considerably smaller than the data
both energies.

In contrast to what was found by Greenet al. @10# for the
11.1 MeV 6Li14He case we were unable to obtain a go
description of the vector and second rank tensor analyz
powers at either energy by just including a spin-orbit pote
tial in addition to theJ-dependent central potential. The in
clusion of an imaginary spin-orbit potential was found
improve the fit at both energies, although it was more imp
tant at 16.5 MeV. For the best description of the data
second rank tensor potential was essential. The das
curves in Figs. 3 and 4 show the results of calculations us

s
.

1-7



.5
the full

P. D. CATHERSet al. PHYSICAL REVIEW C 63 064601
FIG. 3. Cross section and analyzing power angular distributions measured for the7Li14He elastic scattering at a c.m. energy of 16
MeV. The full calculation using the optical model parameter set 1 in Table I is shown by the solid lines. The dashed lines show
calculation without use of the third rank potential.
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sets 1 and 3 of Table I, but including theJ-dependent imagi-
nary potential and spin-orbit and second rank tensor po
tials only.

The full curves in Figs. 3 and 4 denote the results
calculations including a third rank tensor potential, of t
Irshad and Robson form@25#. At 16.5 MeV there is little
case for arguing the need for a third rank tensor potentia
this form. Its inclusion cannot be said to improve the over
fit to the data, which is poor in general. By contrast, at 1
MeV there is a definite improvement in the overall descr
tion of the data when the third rank tensor potential is
cluded, as Fig. 4 shows. The general quality of the fit at 1
MeV is considerably better than that at 16.5 MeV.

C. FRDWBA calculations

The sizable measured elastic scattering cross sectio
back angles (uc.m.>120 °) may be indicative of a large con
tribution from triton transfer, and this possibility was inve
tigated by FRDWBA calculations using the codeFRESCO

@26#. In this transfer, the triton from the7Li projectile is
picked up by the4He target to form another7Li. As the
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target 4He is heavier than the triton, the newly formed7Li
travels backwards in the c.m., and is experimentally inse
rable from the backscattered7Li beam nucleus. Initially,
HERMES with no J dependence was used to determine
optical model parameters needed to produce the distor
potentials for the transfer calculations@20,21,27#. The
J-dependent potential had been introduced@20,21# to repro-
duce the larger than expected experimental cross section
served fora particle and heavy-ion scattering at large angl
In this analysis it is assumed that the large value of the cr
section observed at back angles comes from the transfe
action. The optical model calculations concentrated on
scribing the elastic cross section data for angles less
90 °, which should have very little transfer contribution. A
optical model calculation withFRESCOwas then performed
to make sure the two codes agreed. Then, these op
model parameters were used in the FRDWBA transfer c
culations to determine the importance of the triton transf

Starting with the values of Binghamet al. @16#, the optical
potential parameters for the 16.5 MeV case were set firs
second rank tensor potential, which Binghamet al. did not
1-8
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FIG. 4. Cross section and analyzing power angular distributions measured for the7Li14He elastic scattering at a c.m. energy of 11
MeV. The full calculation using the optical model parameter set 3 in Table I is shown by the solid lines. The dashed line shows
calculation without use of the third rank potential.
im

fo
lit
ca
al
e

m
e

se
n

th

tro
ic
a

.94

er

tly
The
cu-
are
pic
as

ing

the
sfer.
ere
then
. A
eV
t the
om-
have because its importance was not recognized at that t
was added as it has been found to be important for7Li scat-
tering. The optical potential parameter values obtained
the 16.5 MeV c.m. scattering case were then changed as
as possible to fit the 11.5 MeV c.m. scattering. The opti
potential parameter sets 2 and 4 in Table I are those fin
used for the 16.5 and 11.5 MeV data, respectively. Wh
these optical parameters were used inFRESCO, minus the
tensor potentials, the values predicted were exactly the sa
However, the tensor potential addition was not the sam
both codes so the tensor potential depth was varied
FRESCOuntil the calculations were almost identical to tho
obtained withHERMES. The different values are given i
brackets for parameter sets 2 and 4 in Table I.FRESCOdoes
not allow a third rank potential, so none was used in
transfer calculations.

The a-t cluster spectroscopic factor for the7Li ground
state is close to unity. The codeFRESCO with which the
FRDWBA calculations were performed uses the spec
scopic amplitude~i.e., the square root of the spectroscop
factorC2S) to set the magnitude of this transfer. Theoretic
06460
e,

r
tle
l
ly
n

e.
in
in

e

-

l

predictions give spectroscopic factors of 1.12@28# and 1.19
@29#, while values derived from past experiments are 0
60.05 @30# and 1.0360.10 @31#.

The 16.5 MeV FRDWBA calculations using paramet
set 2 in Table I and a spectroscopic amplitude of11.0 are
shown in Fig. 5. The solid lines show the transfer coheren
added while the dashed lines do not include the transfer.
dotted line is the triton transfer cross section. Similar cal
lations for the 11.5 MeV data using parameter set 4
shown in Fig. 6. Both negative and positive spectrosco
amplitudes were tried and no difference in the results w
observed. The main goal here was not to fit the analyz
powers but to fit the cross section inner angles (uc.m.
<120 °) with the optical model parameters, and have
back angle cross section magnitude enhanced by the tran
The analyzing powers generated by the optical model w
made to give a reasonable description of the data and
the effects caused by the transfer addition were studied
spectroscopic factor of 0.81 was also used for the 16.5 M
case and the magnitude of the generated cross section a
far back angles was lower and closer to the data, when c
1-9
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FIG. 5. Data are the same as
Fig. 3. The solid lines show the
calculation using the parameter s
2 in Table I with the triton transfer
included. The dashed lines sho
the calculation without the trans
fer added. The dotted line show
the transfer cross section.
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pared to the fit with a spectroscopic factor of 1.0. Howev
the analyzing powers changed by only a negligible amou
A spectroscopic factor of 1.44 was used for the lower 1
MeV data for which the generated far back angle cross s
tion were closer to the data. Here the analyzing powers
changed only slightly.

Both cases are quite similar, but at 11.5 MeV c.m.
transfer is more important. This result is also seen in
data, which shows a larger back angle cross section rise
the 11.5 MeV data. In both cases the optical model cr
section, which concentrated on the forward angles, falls w
short of the magnitude of the back angle data cross sec
For the 16.5 MeV case the optical model gives a magnit
which is only 40% the size of the cross section data at b
angles, while in the 11.5 MeV case it is only 25% the si
The cross section for the optical model levels out at b
angles and misses the rise in the data. The transfer acco
for about 75% of the back angle cross section contributi
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in the 11.5 MeV case, and in the 16.5 MeV case it is low
but still accounts for 60%. In both cases theiT11 generated is
altered somewhat in magnitude at the back angles by
addition of the transfer, and the fit is actually improved f
the 16.5 MeV case. The fit for the second rank analyz
powers at back angles does not change significantly bu
somewhat poorer with the addition of the transfer, except
T20 of the 16.5 MeV c.m. data. There are sign changes in
oscillations ofiT31 andiT32 generated for the 16.5 MeV cas
with the addition of transfer, which lead to better fits. T
third rank analyzing powers do not change much and are
really better fit with the addition of the triton transfer in th
calculations.

In summary, the addition of a triton transfer contributio
is needed and raises the back angle cross section gene
by the optical model calculations to fit the data. The con
bution is more important to the 11.5 MeV cross section th
to the 16.5 MeV cross section. The odd rank analyz
1-10
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FIG. 6. Same as in Fig. 5 bu
for the 11.5 MeV c.m. data and
using the parameter set 4 in Tab
I.
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power fits are not changed much but are possibly impro
by the transfer addition. The description of the second r
analyzing powers is also not changed much but is somew
poorer with the addition of the transfer. In conclusion, trit
transfer is present and contributes significantly to the b
angle cross section, but does not have a large effect on
analyzing powers.

IV. DISCUSSION

The present work presents the first complete set of th
rank analyzing powers for the scattering of a spin 3
nucleus. The most striking result is that the third rank a
lyzing powersTT30, iT31, iT32, andiT33 are large for both
energies, and exhibit considerable structure. This is in c
trast to the only other measurements of a third rank ana
ing power, those ofTT30 for 44 MeV 7Li1120Sn @7# and
7Li126Mg @5#, which were small and essentially structur
less.
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This difference in behavior could possibly be explain
by the composite nature ofTT30, which is given in terms of
iT31 and iT33 by the following equation:

TT3052SA3

4
iT311A5

4
iT33D . ~20!

If iT31 and iT33 happen to be almost exactly out of pha
they may cancel one another, leading to the small value
TT30 observed previously. If neitheriT31 nor iT33 are well
described by calculations, it might be expected that the
culatedTT30 angular distribution would exhibit large oscilla
tions that are not present in the data, as was found for the
MeV 7Li126Mg system@5,8#. Even a small phase error i
the description ofiT31 and/or iT33 could lead to the large
oscillations seen in the calculatedTT30 angular distributions.

At present, this explanation must remain pure conjectu
as we do not have a full set of measured third rank analyz
1-11
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P. D. CATHERSet al. PHYSICAL REVIEW C 63 064601
powers for the7Li126Mg system. For the current data, w
can see thatiT31 and iT33 arenot out of phase and thus d
not cancel to give a smallTT30. This illustrates the value o
measuring a full set of third rank analyzing powers.

A comparison between previously measured6Li14He
and the present7Li14He analyzing powers shows that di
ferences between the structure of the two nuclei6Li and 7Li
are most apparent in the analyzing powerT21, with T21 be-
ing large for 7Li and close to zero for6Li. This implies that
even for scattering energies where the nuclear interac
dominates, the7Li nonspherical ground state shape is
important contributor to the scattering.

The optical model analysis of the present data set t
two different approaches. One was to assume that the el
scattering could be described by potential scattering o
The other analysis assumed that the large experimental c
section observed at backward angles was produced by t
exchange between the target and the projectile and tha
forward angle cross section was produced by potential s
tering. Both analyses show that a second rank tensor forc
needed to produce the observedT21 andiT32 analyzing pow-
ers, which is consistent with the large ground state quad
pole moment of7Li. They also show that the spin-orbit po
tential is small and the evidence for the presence of a t
rank tensor potential of the form suggested by Mukh
padhyayet al. @9# is inconclusive. Its inclusion at 16.5 MeV
leads to a degradation of the already far from good fit to
data. However, at 11.5 MeV the description of the data
considerably better when it is included. In fact, at 11.5 M
the data are rather well described at angles,100 °, the re-
gion in which the fit to the cross section is reasonably go
with the exception ofiT31 and iT32 ~the fit to iT33, although
better than for the other third rank analyzing powers, is s
not as good as for the first and second ranks!.

The failure to describe the forward angle third rank an
lyzing powersiT31, iT32, andiT33 at either energy seems t
tt

ck

o
D

-
.
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indicate that the optical model potential form used in th
work is incomplete. No calculations, even with complete
unphysical parameters, were able to reproduce the s
angleiT31 data. However, owing to the large number of da
points and adjustable parameters available we cannot c
to have exhausted the entire parameter space. In partic
we concentrated on a second derivative form for the th
rank tensor potential, guided by the work of Mukhopadhy
et al. Tests with a third derivative form for this potentia
~suggested by a natural progression through the pote
ranks of a first derivative spin-orbit potential and a seco
derivative second rank tensor potential! suggested that such
form would not lead to a significant improvement in th
quality of the fits. The calculations that explicitly include
triton transfer gave a better overall description of the d
than did those that produced the back angle cross sectio
assuming its large magnitude was produced by channel
pling.

The present complete data set would enable scattering
tentials to be obtained by the use of the iterative-perturba
S matrix to potential inversion method which has be
shown to be successful for the case of6Li14He elastic scat-
tering @32#. It is possible that such parity- and energ
dependent potentials would be able to establish defini
whether a third rank potential is required to describe the th
rank analyzing powers and if so, what form it should tak
However, at the present time this method can only be app
to scatterings with channel spin of 0, 1/2, or 1 and th
unfortunately cannot be used to examine this question.
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Wöhr, ibid. 458, 1 ~1999!.
1-12



.
n

L.
e

l.

F
.

o-

.

.

ev.

.

ch,

.

N.

s.

FIRST COMPLETE SET OF SPIN 3/2 NUCLEAR . . . PHYSICAL REVIEW C 63 064601
@12# G. Tungate and D. Fick, Lect. Notes Phys.89, 404 ~1979!; P.
Zupranski, W. Dreves, P. Egelhof, K.-H. Mo¨bius, E. Steffens,
G. Tungate, and D. Fick, Phys. Lett.91B, 358 ~1980!.

@13# J. Gomez-Camacho and R. C. Johnson, J. Phys. G12, L235
~1986!; 14, 609 ~1988!.

@14# W. Ott, R. Butsch, H. Ja¨nsch, G. Tungate, E. Steffens, K
Becker, K. Blatt, H. Leucker, D. Fick, J. Gomez-Camacho, a
R. C. Johnson, J. Phys. G14, L7 ~1988!.

@15# E. G. Myers, A. J. Mendez, K. W. Kemper, P. L. Kerr, E.
Reber, and B. G. Schmidt, Nucl. Instrum. Methods Phys. R
A 334, 271 ~1993!.

@16# H. G. Bingham, K. W. Kemper, and N. R. Fletcher, Nuc
Phys.A175, 374 ~1971!.

@17# P. D. Cathers, P. V. Green, E. E. Bartosz, K. W. Kemper,
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