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Cross section and analyzing powers for6Li- 4He elastic scattering at 5.5 and 19.6 MeV

E. A. George,1,2 D. D. Pun Casavant,1 and L. D. Knutson1
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~Received 21 January 1997!

Measurements of the differential cross section and the analyzing powersiT11, T20, T21, andT22 for
6Li-

4He elastic scattering have been made at incident6Li energies of 5.5 and 19.6 MeV. The measurements cover
an angular range ofuc.m.518.8°–165° at 19.6 MeV, anduc.m.537.8°–160° at 5.5 MeV. The data are com-

pared to several different optical model calculations. Also, the calibration of a6LiW polarimeter, which employs
6LiW-4He elastic scattering, is described.@S0556-2813~97!05907-4#

PACS number~s!: 24.70.1s, 25.70.Bc
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I. INTRODUCTION

The elastic scattering of6LiW by 4He is of interest for a
variety of reasons. The process has previously been stu
for clues to the origin of its large vector analyzing powe
@1#, and the fact that the analyzing powers are large ma
the reaction useful as a beam polarization monitor@2#. Re-
cently, Greenet al. @3# reported measurement of a comple
set of vector and tensor analyzing powers and cross sec
for this reaction, at an incident6Li energy of 27.8 MeV
(Ec.m.511.1 MeV!. They have used these measurements
investigate the spin dependence of6Li- 4He elastic scattering
and the spin structure of the6Li nucleus.

Our motivation for undertaking the present experime
was to obtain data for the purpose of determining
asymptoticD-state toS-state ratio of the6Li→a1d cluster
wave function. We had intended to determine this quan
by the pole extrapolation method@4#, but unfortunately this
approach has not led to unambiguous results. We are
rently developing an alternative method of determining
D- to S-state ratio from the data, and will describe that wo
elsewhere.

The purpose of this paper is to report measurements o
differential cross section and vector and tensor analyz
powers for 6Li- 4He elastic scattering at incident6Li ener-
gies of 5.5 and 19.6 MeV (Ec.m.52.2 and 7.8 MeV!. The
measurements are compared with predictions obtained f
the optical model potentials of Ref.@3#. In addition to report-
ing these measurements, we also describe the calibration
6LiW polarimeter which employs6LiW- 4He scattering at an in
cident 6LiW energy of about 13 MeV.

II. DESCRIPTION OF THE EXPERIMENT

A. Cross-section measurements

1. 19.6 MeV

The measurements were carried out at the University
Wisconsin tandem accelerator laboratory. An unpolariz
beam of6Li ions from a negative-ion sputter source@5# was
accelerated, momentum analyzed by a 90° bending mag
and transported to a 1-m diameter scattering chamber.
experimental arrangement was similar to that described
Ref. @6#.
560556-2813/97/56~1!/270~6!/$10.00
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Beam collimation was provided by a 1 mmwide by 2 mm
high beam defining aperture located 35.6 cm from the ce
of the scattering chamber, followed by a pair of antiscatt
ing slits. A 0.5mm Ni entrance foil located 35.8 cm from th
center of the chamber was used to separate the chamber
the beamline vacuum.

The chamber was filled with 150 Torr natural helium g
of 99.999% purity. The gas was continuously added to
chamber through a long metal capillary tube and pumped
through a needle valve, with the flow rate set so that the
was replaced every 4–6 h. The chamber pressure was m
tored continuously and the rate at which gas was added
electronically controlled by adjusting the temperature of
capillary. In this way, the chamber pressure was maintai
to 60.05 Torr. The chamber temperature was measured
ing a thermometer placed in good thermal contact with
top of the scattering chamber. Corrections to the gas den
for variations in temperature were less than 0.5%.

Silicon surface-barrier detectors were used to detect
reaction products. The detectors were placed symmetric
to the left and right of the incident beam, with three detect
on each side, spaced 10° apart. Measurements were ma
lab angles ranging from 7.5° to 62.5°. Detector thicknes
were chosen so that6Li and a particles were stopped in th
detector, whereas protons and deuterons were not. Each
tector was located about 26 cm from the center of the ch
ber, and was equipped with front and back slits to define
angular range viewed, as well as with antiscattering slits. T
angular acceptance ranged from60.34° to60.68°.

In order to determine the geometric factors for the det
tor slit sets, we used a traveling microscope to measure
dimensions for one slit set. Then we obtained elas
scattering data at a lab angle of 35° for all detector and
combinations used. The yields for each slit set at this an
normalized to the integrated charge, were compared to
normalized yield for the measured slit set in order to det
mine the rest of the geometric factors.

Signals from the detectors were amplified and shaped
passed through analog-to-digital converters interfaced to
online computer. A pulser signal triggered at a rate prop
tional to the instantaneous beam current was passed thr
the detector electronics, and dead time in the electronics
determined by measuring the fraction of these pulser cou
lost.
270 © 1997 The American Physical Society
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56 271CROSS SECTION AND ANALYZING POWERS FOR6Li- . . .
A typical forward-angle spectrum at an incident6Li en-
ergy of 19.6 MeV is shown in Fig. 1. At forward angles,
small contaminant peak from6Li-N elastic scattering is
present, but is reasonably well separated from the peak
interest. Peak-to-background ratios at this energy were 3
or better at all angles. At lab angles between 7.5° and 15
1.6 mg/cm2 polyethylene foil was placed in front of the de
tectors to separate the6Li elastic-scattering peak from th
recoil a peak.

The absolute beam current was measured using a Far
cup under vacuum, placed directly behind the scatter
chamber. A 2.54mm Havar foil separated the Faraday c
vacuum from the chamber. Due to multiple scattering in t
foil, the Faraday cup did not collect all of the beam on targ
In order to determine the fraction of charge collected,
installed a movable Faraday cup in the scattering cham
and evacuated the chamber. First, charge was collecte
this internal cup for 30 s. Then, the internal cup was swu
out of the way, and charge was collected by the Faraday
behind the chamber for another 30 s. This process was
peated four times, and the fraction of total charge collec
by the cup behind the chamber was determined to
0.64560.016. A small amount of additional lost charge r
sults from multiple scattering in the target gas. The syste
atic error in the measured cross section due to this effect
calculated to be 1.2%.

We obtained the cross section directly from the measu
yields, integrated charge, and detector geometry, and f
the target number density, which was calculated from
measured gas pressure and temperature. Dead-time co
tions were typically less than 1%. A peak-fitting progra
was used to obtain the peak sums in cases where backgr
was not negligible.

2. 5.5 MeV

At this energy, a setup similar to that at 19.6 MeV w
used. The major differences were that the helium gas p
sure was 50 Torr instead of 150 Torr, and the scatter
chamber was separated from the Faraday cup by a 0.5mm Ni
foil instead of by the thicker Havar foil. Measurements we
made at lab angles from 10° to 45°.

FIG. 1. Typical pulse-height spectrum for6Li- 4He elastic scat-
tering at 19.6 MeV atu lab510°. A 1.6 mg/cm2 polyethylene slow-
ing foil was placed in front of the detector to separate the elastic
scattered6Li particles from the recoila particles.
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Figure 2 shows a representative forward-angle spect
at this energy. Besides the contaminant peak from6Li-N
elastic scattering, there is an additional contaminant pea
forward angles due to6Li scattering from the Ni entrance
foil, followed by small-angle scattering in the target gas.
order to resolve thea peak at angles forward of 22.5°, a 1
mg/cm2 polyethylene foil was placed over the detector sl
to stop all 6Li particles. Peak sums for the elastic6Li group
for lab angles between 17.5° and 22.5° were obtained
taking additional runs with no foil in front of the detectors.
few runs were also taken between 15° and 25° with a 1
mg/cm2 carbon foil, in order to separate the6Li peak of
interest from the recoila peak. Forward of 15°, the6Li peak
was too close to the contaminant peaks to be useable. P
to-background ratios at 5.5 MeV were 30:1 or better at
angles.

At this energy, we determined the cross section norm
ization in the following way. We took data at a lab angle
35° with 0.5 Torr natural xenon gas and 45 Torr helium g
in the scattering chamber. These gas pressures were ch
to ensure that the energy of the6Li beam at the center of the
chamber was the same as when 50 Torr of helium gas wa
the chamber. Then, with only helium gas in the chamber,
obtained measurements at 35° for all detector and slit c
binations. We then normalized the6Li- 4He cross sections to
the calculated6Li-Xe cross section, which was assumed
be purely Rutherford. Dead-time corrections were less t
1%, and background corrections were less than 3%.

B. Analyzing power measurements

A 6LiW beam from a colliding-beam polarized ion sour
@7# was used to obtain analyzing powers. The procedu
used to determine analyzing powers are similar to those
scribed in detail in Ref.@6#. Briefly, for a reaction induced by
a beam of polarized spin-1 particles, the yield for a detec
on the left or right side of the beam can be written

Yl ,r5Yl ,r
o ~11t20T2062t21T2112t22T2262i t 11iT11!,

~1!

where the upper and lower signs correspond to the left
right detector, respectively. Here,Yl ,r

o is the yield obtained
from an unpolarized beam, theTkq are the analyzing power

ly

FIG. 2. Sample spectrum for6Li- 4He elastic scattering at 5.5
MeV at u lab525° with no slowing foil in front of the detector.
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272 56E. A. GEORGE, D. D. PUN CASAVANT, AND L. D. KNUTSON
for the reaction, and thetkq are the corresponding beam p
larization moments.~Throughout this paper,t21, t22, and
i t 11 should be understood to refer to the real parts of th
beam moments.! To obtain the analyzing powers, one nee
to measure only relative yields and the beam polariza
moments.

For each angle set, data were taken for three differ
polarization states. For each state, the polarization par
eters were chosen so that one or two beam moments
large, while the others were close to zero. The typi
‘‘large’’ beam moments for the three states we
t20'60.49; t21 and t22'60.24; andi t 11'60.43. During
each run, the sign of the beam polarization was change
intervals of less than 1 s byswitching the radio-frequency
transitions at the ion source. Analyzing powers were
tained from the measured yields and beam moments usin
iterative procedure described in Ref.@6#.

1. 19.6 MeV

At 19.6 MeV, the experimental setup was similar to th
used to measure the cross section, except for the additio
a 6LiW polarimeter immediately behind the scattering cha
ber. Details of the construction and calibration of the pol
imeter are given in the following section. A 2.54mm thick
Havar foil was used to separate the main scattering cham
from the polarimeter, which was filled with 1 atm of natur
helium gas. A 4mm Havar foil was placed in front of the
exit foil to degrade the energy of the beam entering the
larimeter to a nominal 14.6 MeV, the energy at which t
polarimeter was calibrated. A Faraday cup located at
back of the polarimeter was used to monitor beam curr
Because the gas in the polarimeter was partially ionized
the beam, an absolute determination of beam current c
not be obtained. However, because our method of data an
sis requires only the relative integrated charge for the p
tive and negative spin states, and because fast switching
tween spin states was employed, this arrangement
adequate.

A background correction was applied to the data wh
necessary. In almost all cases, this correction to the ana
ing powers was less than60.005, although in one case
was as large as 0.104. The dead-time correction was less
60.002.

2. 5.5 MeV

At a beam energy of 5.5 MeV, some modifications to t
setup were necessary because the lower-energy6LiW beam
rapidly depolarizes in the target gas, due to multiple pick
and stripping of electrons. In order to reduce the amoun
depolarization, the beam collimation and entrance foil s
tem used at 19.6 MeV was replaced by a 1 mmdiameter
beam-defining aperture located 3.34 cm from the cente
the chamber, followed by a 0.18mm Ni entrance foil located
1.27 cm from the center of the chamber. Also, the gas p
sure was reduced to 75 Torr for vector and 50 Torr for ten
analyzing power measurements. We used a lower pres
for the tensor measurements because the tensor beam
ments depolarize more rapidly than the vector mome
Some data were also obtained at about 20 Torr so that
dependence of the beam polarization on gas pressure c
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be determined. The measured depolarization factors w
1.1160.04 for vector polarized beam at 75 Torr, an
1.2760.09 for tensor polarized beam at 50 Torr.

Because of the rapid depolarization of the beam at
energy, it was not possible to monitor the polarization at
same time as analyzing power data were being taken. H
ever, measurements at 19.6 MeV indicated that beam po
ization does not normally change significantly over tim
Therefore, the beam polarization was measured at 6–1
intervals by raising the energy of the beam so that the6LiW
energy entering the polarimeter was a nominal 14.6 Me
During data runs, a Faraday cup mounted inside the sca
ing chamber was used to measure integrated charge. Fo
beam polarization measurements, the internal cup was sw
out of the way and a Faraday cup in back of the polarime
was used.

Background and dead-time corrections were negligible
5.5 MeV. A few measurements were corrected for uneq
right and left detector angles; the magnitude of this corr
tion was 0.010 forT21 and T22 at 95° but was less than
60.002 in all other cases. The measurements were also
rected for the effects of beam depolarization as descri
above.

C. The 6Li¢ polarimeter

The 6LW i beam polarization was measured with a polari
eter originally designed for use with deuterons~see Ref.@8#!.
The polarimeter is filled with 1 atm of natural He gas. Bea
collimation is provided by a pair of 1.3 mm wide by 7.4 m
high apertures placed 3.81 cm apart. Silicon surface-ba
detectors are located symmetrically to the left and right
the beam axis, at 15° and 37°. The6Li yields at 15° and the
recoila yields at 37° for the left and right detectors are us
to determine the beam momentsi t 11, t20, t21, andt22.

The polarimeter was calibrated at a single6LiW beam en-
ergy, corresponding to 14.6 MeV immediately downstre
of the Havar entrance foil, or roughly 13 MeV at the cen
of the chamber. To calibrate the polarimeter, we took adv
tage of known relations@9# between tensor analyzing powe
for the 6Li( dW ,a) and 2H(6LiW,a) reactions at the sam
center-of-mass energyEc.m.:

T20
~d!~Ec.m.,uc.m.590°!5T20

~6Li !~Ec.m.,uc.m.590°! ~2!

and

T22
~d!~Ec.m.,uc.m.590°!5T22

~6Li !~Ec.m.,uc.m.590°!, ~3!

where the superscripts indicate the particle that is polariz
The analyzing powers for6Li( dW ,a)4He were measured a

Ed55.86 MeV and u lab576.83° ~corresponding to
Ec.m.54.39 MeV anduc.m.590°). The measurements wer
made using a deuteron beam incident on a target consis
of about 160mg/cm2 of 6Li2O deposited on a 200mg/
cm2 gold backing. Beam polarization was monitored using
deuteron polarimeter@10# placed behind the main scatterin
chamber. The measured analyzing powers w



-
ic

er
he
gh

wi
eV

o
se
st
d

.
rs
s
n

-
ive

th

o
ur

ing
lo
n

e
E
s

the
io-

out
ing

the
in
ical

ha-

-
m-

a

ted
am
t to
ted

y in
is-
o it
ers.
na-
hich
g to
me
ow-
the

nd
y

inci-
. 3
ited
ion

rror
ure-
the
al-
rror
te-
ents.
rgy
am
to
ror
w-

56 273CROSS SECTION AND ANALYZING POWERS FOR6Li- . . .
T20520.53460.006 andT2250.11560.004, where the er
rors include normalization uncertainties as well as statist
uncertainties.

These measurements, along with Eqs.~2! and~3!, allowed
us to determine the6LiW polarimeter analyzing powersT20
andT22 in the following way. We placed a 2.54 cm diamet
gas cell filled with 1 atm of 98% pure deuterium gas in t
main scattering chamber. Detectors were placed left, ri
above, and below the beam, atu lab555° (uc.m.590°). This
arrangement permits determination of the6LiW beam mo-
mentst20 and t22 for any given run. The energy of the6LiW
beam was chosen to giveELi517.5 MeV at the reaction
center, corresponding toEc.m.54.39 MeV. After passing
through the gas cell, the beam entered the polarimeter
an energy degraded to the calibration energy, 14.6 M
Measurements were obtained witht20, Axx , andAyy polar-
ized beams, allowing us to make multiple determinations
polarimeterT20 and T22 analyzing powers. Because the
determinations with different beam polarizations are stati
cally independent, we took weighted averages of the in
vidual determinations as our result.

Because there are no general relations such as Eqs~2!
and~3! for T21 andiT11, these polarimeter analyzing powe
cannot be determined in the same way. Instead, we u
known properties of the polarized ion source and beam tra
port system, along with theT20 and T22 measurements, to
determineT21 and iT11. Assuming that the beam polariza
tion has an axis of symmetry, the beam moments are g
by @11#

t205
1

2
t20~3cos

2b21!, ~4a!

t215A3

2
t20 sinb cosb sinf, ~4b!

t2252A3

8
t20 sin

2b cos2f, ~4c!

i t 115
1

A2
t10 sinb cosf, ~4d!

whereb is the angle between the spin symmetry axis and
incident beam direction, andf is the azimuthal angle of the
spin symmetry axis measured from the vertical~see Ref.
@11#!.

TheT21 analyzing powers were determined by taking p
larimeter data for a series of runs having essentially p
tensor polarization, withf590° to maximizet21 and t22.
The angleb was varied between 15° and 120° by chang
the electric and magnetic-field settings of a Wien filter
cated between the ion source and the accelerator. We the
the measured values oft20 and t22, treatingt20, the Wien
filter calibration ~that is, the dependence ofb on the field
settings!, and the deviation of the alignment axis from th
initial beam direction as free parameters. Then by using
~4b!, we obtainedt21 for each run, which in turn allowed u
to determine the polarimeterT21 analyzing powers.
al
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To obtain the vector analyzing power, we made use of
fact that the efficiencies of the polarized source rad
frequency transition units can be calculated oncet20 is
known. From t20 runs, we determined thatt20 was about
81% of its theoretical maximum for one spin state and ab
95% for the other. Based on these numbers, and assum
that the depolarization is dominated by inefficiencies in
transition units, we calculated that the vector polarization
the strong-field state should be about 88% of the theoret
maximum. This corresponds to at10 of approximately 0.72.
Because it is not clear what the actual depolarization mec
nisms are, we take the error int10 to be fairly large,
610%. By assuming thatb590° andf5180° for i t 11 runs,
we were then able to calculatei t 11 for these runs. The polar
imeteriT11 analyzing powers were then calculated by assu
ing that other beam moments were zero for theiT11 runs.
The results were checked using data from anAyy run. Both
methods produced statistically equivalent results, and
weighted average of the two was taken for the finaliT11
analyzing powers.

Finally, using these analyzing powers, we recalcula
beam moments for all types of runs and verified that all be
moments assumed to be small were statistically equivalen
zero. The polarimeter calibration uncertainties are estima
to be roughly 3% forT20, 7% forT21, 5% forT22, and 11%
for iT11.

During the measurements of the6Li- 4He analyzing pow-
ers, a small error was made in matching the beam energ
the polarimeter to the calibration energy. This error was d
covered only after the experiment was completed, and s
was necessary to correct the measured analyzing pow
This correction was made by measuring the polarimeter a
lyzing powers at several energies near the energy at w
the polarimeter had been calibrated and then interpolatin
find the analyzing powers at the actual beam energy. So
of the data were reanalyzed using the correct analyzing p
ers and correction factors were derived for the rest of
data. The resulting corrections were less than60.040 at 19.6
MeV, where the error in energy matching was 340 keV, a
less than60.010 at 5.5 MeV, where the error in energ
matching was 100 keV.

III. RESULTS

Cross-section and analyzing power measurements at
dent 6Li energies of 19.6 and 5.5 MeV are shown in Figs
and 4, respectively. We note that the data will be depos
in the National Nuclear Data Center’s online nuclear react
database.

For the cross-section measurements at 19.6 MeV, e
bars include statistical errors in the peak sums, in meas
ments of detector geometry, in integrated charge, and in
fit at angles where peak fitting was necessary. The norm
ization error in the measured cross section is 6%. This e
is due to uncertainty in peak sum limits, in absolute in
grated charge, and in the detector geometry measurem
The error bars shown for the analyzing powers at this ene
include statistical uncertainties in peak sums, in the be
moments, and in the background subtraction. In addition
the statistical errors, there is an overall normalization er
arising from uncertainties in the polarimeter analyzing po
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274 56E. A. GEORGE, D. D. PUN CASAVANT, AND L. D. KNUTSON
ers and in the correction for the error in matching the be
energy to the polarimeter calibration energy. The normali
tion error is estimated to be 8% forT20, 12% forT21, 9% for
T22, and 12% foriT11.

For the 5.5 MeV cross-section measurements shown
Fig. 4, there is a 4% normalization error, arising from fin
peak sum limits and from uncertainty in the normalization
the 6Li-Xe cross section. For analyzing powers at this e
ergy, the normalization error is due to uncertainty in t
polarimeter analyzing powers, and to uncertainty in the
polarization factors. Uncertainty in the correction for matc
ing the beam energy to the polarimeter calibration energ
negligible. The normalization error is estimated to be 12
for T20, 10% forT21, 9% for T22, and 12% foriT11.

IV. DISCUSSION

A comparison of the 19.6 MeV vector analyzing powe
to the 18.3 and 21.3 MeViT11 data of Ref.@1# shows that the
new vector analyzing power measurements are quite sim
in shape and magnitude to the older ones. This is as
pected, because the energy dependence ofiT11 is weak in
this energy range@1#. The 19.6 MeV analyzing powers ar
qualitatively similar to those measured at 27.8 MeV
Greenet al. @3#, in that all analyzing powers are large~ex-
cept forT21 at 27.8 MeV!, and have a good deal of angul
structure. The analysis of Ref.@3# indicates that the spin
orbit potential, exchange interactions, and channel coup
all contribute to the analyzing powers at 27.8 MeV.

Because of the relatively weak energy dependence of

FIG. 3. Differential cross section and the four analyzing pow
for 6Li- 4He elastic scattering atELi519.6 MeV. The solid lines are
a guide for the eye. The dashed lines are optical model calculat
using parameter set 1 of Ref.@3#.
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cross section and vector analyzing powers in the 18–30 M
lab energy range, it is instructive to compare our measu
ments to optical model calculations using parameters tha
the 27.8 MeV data@3#. In Fig. 3, the 19.6 MeV data are
shown along with an optical model calculation using the
1 parameters of Ref.@3#. This set includes real and imaginar
central potentials, a spin-orbit and a tensor potential, an
J-dependent form factor in the imaginary central poten
~to simulate channel-coupling effects!. Greenet al. found
that this set of parameters gave a good fit to forward-an
(,90°) cross-section and analyzing power data at 2
MeV. Our 19.6 MeV data are not as well-described by t
optical model calculations as the 27.8 MeV data are,
though the general shapes of all but theT21 analyzing powers
are in rough agreement with the data. Figure 5 shows
results of calculations using parameter sets 2 and 3 from
@3#. Set 2 has no tensor potential orJ dependence, and gav
a good fit to the 27.8 MeV cross-section data. Set 3 has
same types of parameters as set 1, but was found to gi
somewhat better fit to the back angle data at 27.8 MeV t
did set 2 or set 1. Again, at 19.6 MeV, neither set 2 nor se
gives a satisfactory fit to the whole range of data, althou
set 3 gives a better fit toT21 than do the other sets. We hav
found that it is possible to improve the cross-section
somewhat by using slightly different parameters, but, as w
the 27.8 MeV data, the back-angle cross-section data ge
ally cannot be fit well.

At 5.5 MeV, the cross section and analyzing powers ha
a much simpler structure than at 19.6 MeV. The cross s
tion also shows a strong back-angle peaking, which is und

s

ns

FIG. 4. Differential cross section and the four analyzing pow
for 6Li- 4He elastic scattering atELi55.5 MeV. The solid lines are
a guide for the eye. The dashed lines are optical model calculat
using parameter set 1 of Ref.@3#.
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56 275CROSS SECTION AND ANALYZING POWERS FOR6Li- . . .
stood as being due to the process of deuteron exchang
tween the twoa-particle clusters@12#. It can be seen in Figs
4 and 6 that the back-angle cross section is not fit well by
optical model potential parameters of Ref.@3#. Although it is
possible to produce better optical-model fits to the 5.5 M
data~particularly the forward-angle cross section!, the back-
angle data are still not well fit. If deuteron exchange do
play an important role at the back angles, it is reasonabl
suppose that the back-angle analyzing powers are sens
to details of the internal structure of6Li. In that case, these

FIG. 5. Differential cross section and the four analyzing pow
for 6Li- 4He elastic scattering atELi519.6 MeV, with optical model
calculations using parameter set 2~dashed lines! and parameter se
3 ~dotted lines! of Ref. @3#.
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lower-energy measurements may be particularly useful
investigating the spin degrees of freedom of6Li.
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