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Cross section and analyzing powers fofLi- “He elastic scattering at 5.5 and 19.6 MeV
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Measurements of the differential cross section and the analyzing poWwarsT,g, T»1, andT,, for 6Li-
“He elastic scattering have been made at incidenenergies of 5.5 and 19.6 MeV. The measurements cover
an angular range of; ,,=18.8°-165° at 19.6 MeV, and.,,=37.8°-160° at 5.5 MeV. The data are com-
pared to several different optical model calculations. Also, the calibratiorPbf polarimeter, which employs
8Li-*He elastic scattering, is describd§0556-281@7)05907-4

PACS numbd(s): 24.70+s, 25.70.Bc

I. INTRODUCTION Beam collimation was providedyta 1 mmwide by 2 mm
high beam defining aperture located 35.6 cm from the center
The elastic scattering TN by “He is of interest for a of the scattering chamber, followed by a pair of antiscatter-

variety of reasons. The process has previously been studid@d Slits- A 0.5um Ni entrance foil located 35.8 cm from the
for clues to the origin of its large vector analyzing powerscenter of the chamber was used to separate the chamber from

[1], and the fact that the analyzing powers are large make§'€ beamline vacuum. . _

the reaction useful as a beam polarization monjigr Re- The chamber_ was filled with 150 Tqrr natural helium gas
cently, Greeret al.[3] reported measurement of a complete ©f 99:999% purity. The gas was continuously added to the
set of vector and tensor analyzing powers and cross sectiog§@mber through a long metal capillary tube and pumped out
for this reaction, at an incidenfLi energy of 27.8 MeV through a needle valve, with the flow rate set so that the gas

(E.,=11.1 Me\). They have used these measurements td'@S replac;ed every 4—6 h. The champer pressure was moni-
invésﬁgate the spin dependencef- “He elastic scattering tored co'ntlnuously and the rat_e at' which gas was added was
and the spin structure of th&Li nucleus. electronically controlled by adjusting the temperature of the

Our motivation for undertaking the present eerimemcapilIary. In this way, the chamber pressure was maintained

was to obtain data for the purpose of determining the© +0.05 Torr. The chamber temperature was measured us-

asymptoticD-state toS-state ratio of thé’Li—a+d cluster N9 @ thermometer placed in good thermal contact with the

wave function. We had intended to determine this quantit)}Op of the scattering chamber. Corrections to the gas density
. . iati I 0

by the pole extrapolation methdd], but unfortunately this for variations In temperature were less than 0.5%.

approach has not led to unambiguous results. We are cur- Silicon surface-barrier detectors were used to detect the

rently developing an alternative method of determining thereaction produgts. The dgteptors were p'a!ced symmetrically
D- to S-state ratio from the data. and will describe that work (0 the left and right of the incident beam, with three detectors
elsewhere. ' on each side, spaced 10° apart. Measurements were made at

The purpose of this paper is to report measurements of th@P angles ranglngéfl[qm 7.5° 10 62.5°. Detector thicknesses
differential cross section and vector and tensor analyzing/€re chosen so thali and « particles were stopped in the
powers for 5Li- *He elastic scattering at incidefiti ener- etector, whereas protons and deuterons were not. Each de-

gies of 5.5 and 19.6 MeVH,,,=2.2 and 7.8 MeV. The tector was located about 26 cm from the center of the cham-
. . em=2. . 4

measurements are compared with predictions obtained froM€f» @nd was equipped with front and back slits to define the
the optical model potentials of ReB]. In addition to report- angular range viewed, as well as with antiscattering slits. The

ing these measurements, we also describe the calibration offgular acceptance ranged frar0.34° to+0.68°.
603 polarimeter which emploveli-4He scattering at an in- In order to determine the geometric factors for the detec-
P ploy 9 tor slit sets, we used a traveling microscope to measure the

cident °Li energy of about 13 MeV. dimensions for one slit set. Then we obtained elastic-
scattering data at a lab angle of 35° for all detector and slit
Il. DESCRIPTION OF THE EXPERIMENT combinations used. The yields for each slit set at this angle,

A. Cross-section measurements normalized to the integrated charge, were compared to the
normalized yield for the measured slit set in order to deter-
mine the rest of the geometric factors.

The measurements were carried out at the University of Signals from the detectors were amplified and shaped and
Wisconsin tandem accelerator laboratory. An unpolarizegassed through analog-to-digital converters interfaced to an
beam of°Li ions from a negative-ion sputter sour® was  online computer. A pulser signal triggered at a rate propor-
accelerated, momentum analyzed by a 90° bending magneional to the instantaneous beam current was passed through
and transported to a 1-m diameter scattering chamber. Thie detector electronics, and dead time in the electronics was
experimental arrangement was similar to that described inletermined by measuring the fraction of these pulser counts
Ref. [6]. lost.

1. 19.6 MeV
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FIG. 1. Typical pulse-height spectrum f6Li- “He elastic scat- FIG. 2. Sample spectrum fdiLi- “He elastic scattering at 5.5

tering at 19.6 MeV a#,,,=10°. A 1.6 mg/cn? polyethylene slow- MeV at 6,,,=25° with no slowing foil in front of the detector.

ing foil was placed in front of the detector to separate the elastically .
scatterecfLi particles from the recoikr particles. Figure 2 shows a representative forward-angle spectrum

at this energy. Besides the contaminant peak fréioxN

A typical forward-angle spectrum at an incidefiti en-  elastic scattering, there is an additional contaminant peak at
ergy of 19.6 MeV is shown in Fig. 1. At forward angles, a forward angles due tSLi scattering from the Ni entrance
small contaminant peak fronfLi-N elastic scattering is foil, followed by small-angle scattering in the target gas. In
present, but is reasonably well separated from the peaks @fder to resolve ther peak at angles forward of 22.5°, a 1.6
interest. Peak-to-background ratios at this energy were 300:mg/cm? polyethylene foil was placed over the detector slits
or better at all angles. At lab angles between 7.5° and 15°, 0 stop all°Li particles. Peak sums for the elasfiti group
1.6 mg/cnt polyethylene foil was placed in front of the de- for lab angles between 17.5° and 22.5° were obtained by
tectors to separate th&li elastic-scattering peak from the taking additional runs with no foil in front of the detectors. A
recoil o peak. few runs were also taken between 15° and 25° with a 100

The absolute beam current was measured using a Faradayg/cm® carbon foil, in order to separate tHiti peak of
cup under vacuum, placed directly behind the scatteringnterest from the recoit peak. Forward of 15°, theLi peak
chamber. A 2.54um Havar foil separated the Faraday cupWas too close to the contaminant peaks to be useable. Peak-
vacuum from the chamber. Due to multiple scattering in thisto-background ratios at 5.5 MeV were 30:1 or better at all
foil, the Faraday cup did not collect all of the beam on targetangles.
In order to determine the fraction of charge collected, we At this energy, we determined the cross section normal-
installed a movable Faraday cup in the scattering chambetization in the following way. We took data at a lab angle of
and evacuated the chamber. First, charge was collected 8p° With 0.5 Torr natural xenon gas and 45 Torr helium gas
this internal cup for 30 s. Then, the internal cup was swungh the scattering chamber. These gas pressures were chosen
out of the way, and charge was collected by the Faraday cui® ensure that the energy of tliei beam at the center of the
behind the chamber for another 30 s. This process was r¢hamber was the same as when 50 Torr of helium gas was in
peated four times, and the fraction of total charge collectedhe chamber. Then, with only helium gas in the chamber, we
by the cup behind the chamber was determined to be@btained measurements at 35° for all detector and slit com-
0.645+0.016. A small amount of additional lost charge re- binations. We then normalized tif&i- “He cross sections to
sults from multiple scattering in the target gas. The systemthe calculated®Li-Xe cross section, which was assumed to
atic error in the measured cross section due to this effect wad purely Rutherford. Dead-time corrections were less than

calculated to be 1.2%. 1%, and background corrections were less than 3%.
We obtained the cross section directly from the measured
yields, integrated charge, and detector geometry, and from B. Analyzing power measurements

the target number density, which was calculated from the o o i i
measured gas pressure and temperature. Dead-time correc-A ~Li beam from a colliding-beam polarized ion source
tions were typically less than 1%. A peak-fitting program [7] was used to obtain analyzing powers. The procedures

was used to obtain the peak sums in cases where backgrouHg€d t© determine analyzing powers are similar to those de-
was not negligible. scribed in detail in Ref.6]. Briefly, for a reaction induced by

a beam of polarized spin-1 particles, the yield for a detector
2. 55 MeV on the left or right side of the beam can be written

At this energy, a setup similar to that at 19_.6 MeV was Y|’r=Y|0’r(1+t20Tzoi 2t51T o1+ 2t 55T 9o 20t 141 T 1),
used. The major differences were that the helium gas pres- )
sure was 50 Torr instead of 150 Torr, and the scattering
chamber was separated from the Faraday cup by atNi where the upper and lower signs correspond to the left and
foil instead of by the thicker Havar foil. Measurements wereright detector, respectively. Herélff’,r is the yield obtained
made at lab angles from 10° to 45°. from an unpolarized beam, thig are the analyzing powers
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Too= —0.534£0.006 andT,,=0.115+0.004, where the er- To obtain the vector analyzing power, we made use of the
rors include normalization uncertainties as well as statisticalact that the efficiencies of the polarized source radio-
uncertainties. frequency transition units can be calculated oncg is
These measurements, along with E@3.and(3), allowed  known. Fromt,, runs, we determined that,; was about
us to determine théﬁ po|arimeter ana]yzing power’ﬁzo 81% of its theoretical maximum for one Spin state and about
andT,, in the following way. We placed a 2.54 cm diameter 95% for the other. Based on these numbers, and assuming
gas cell filled with 1 atm of 98% pure deuterium gas in thethat the depolarization is dominated by inefficiencies in the
main Scattering chamber. Detectors were p|aced |eft, rightt’ranSition units, we calculated that the vector pOlarization in
above, and below the beam, @f,=55° (6., =90°). This the strong-field state should be about 88% of the theoretical
maximum. This corresponds torq, of approximately 0.72.

arrangement permits determination of thei beam mo- o A
Because it is not clear what the actual depolarization mecha-

mentst,o andt,, for any _given run. The energy of th%j nisms are, we take the error imy to be fairly large,
beam was chosen to givE ;=17.5 MeV at the reaction +10%. By assuming tha®=90° and¢=180° forit,, runs,

center, corresponding tfcr,=4.39 MeV. After passing .we were then able to calculaitg ; for these runs. The polar-
through the gas cell, the beam '?”tefed the polarimeter W{ﬁyeteriTn analyzing powers were then calculated by assum-
an energy degraded to the calibration energy, 14.6 Me ing that other beam moments were zero for ifig; runs.
Megsburements” were obte:med \Q’t%' ﬁ,xxl' %nc:Ayy_DOi{:lr- The results were checked using data fromAgg run. Both
Ized beams, aflowing us 1o make multiple determinations Ofmethods produced statistically equivalent results, and a

Soiarlm_etetrTzo ar.]tﬂ E'zfzf ana:yglng pov;/e(s. tBecause tth(i.sf.weighted average of the two was taken for the fifg;
eterminations with different beam polarizations are statisti-, v /ing powers.

cally independent, we took weighted averages of the indi- Finally, using these analyzing powers, we recalculated

wdgal deterTrl]natlons as our resullt. i h as @ beam moments for all types of runs and verified that all beam
q e?’caflus?r erz__f;l_re r;(; gener? re at|ons sluc. as Eps. moments assumed to be small were statistically equivalent to
and(3) for Ty, andiTy,, these polarimeter analyzing powers zero. The polarimeter calibration uncertainties are estimated

cannot be det_ermined in thg same way. Instead, we used o roughly 3% foiT 5, 7% for T,;, 5% for T, and 11%
known properties of the polarized ion source and beam tran%r Ty, ' ' '

port system, along with thé, and T,, measurements, to During the measurements of tffi- “He analyzing pow-

QetermlneTu a}nd IT1. Assuming that the beam polarlzg- ers, a small error was made in matching the beam energy in
'gonlhlas an axis of symmetry, the beam moments are IVelhe polarimeter to the calibration energy. This error was dis-
y [11] covered only after the experiment was completed, and so it
was necessary to correct the measured analyzing powers.
t20:£7-20(300§ﬂ— 1), (48 Thi_s correction was made by mgasuring the polarimeter ana-
2 lyzing powers at several energies near the energy at which
the polarimeter had been calibrated and then interpolating to
3 find the analyzing powers at the actual beam energy. Some
to= \[5720 singB cosB sing, (4b)  of the data were reanalyzed using the correct analyzing pow-
ers and correction factors were derived for the rest of the
data. The resulting corrections were less thah040 at 19.6
\F _ MeV, where the error in energy matching was 340 keV, and
t22= =\ g0 sin’3 cos2, (49 |ess than+0.010 at 5.5 MeV, where the error in energy
matching was 100 keV.

) 1 )
'tllzﬁTlo sing cosp, (4d) IIl. RESULTS

Cross-section and analyzing power measurements at inci-
wherep is the angle between the spin symmetry axis and thelent 6Li energies of 19.6 and 5.5 MeV are shown in Figs. 3
incident beam direction, and is the azimuthal angle of the and 4, respectively. We note that the data will be deposited
spin symmetry axis measured from the verti¢caée Ref. in the National Nuclear Data Center’s online nuclear reaction
[11)). database.

The T,; analyzing powers were determined by taking po- For the cross-section measurements at 19.6 MeV, error
larimeter data for a series of runs having essentially puréars include statistical errors in the peak sums, in measure-
tensor polarization, withh=90° to maximizet,; andt,,. ments of detector geometry, in integrated charge, and in the
The angleg was varied between 15° and 120° by changingfit at angles where peak fitting was necessary. The normal-
the electric and magnetic-field settings of a Wien filter lo-ization error in the measured cross section is 6%. This error
cated between the ion source and the accelerator. We then it due to uncertainty in peak sum limits, in absolute inte-
the measured values ©f, andt,,, treatingr,y, the Wien grated charge, and in the detector geometry measurements.
filter calibration (that is, the dependence @ on the field The error bars shown for the analyzing powers at this energy
settings, and the deviation of the alignment axis from theinclude statistical uncertainties in peak sums, in the beam
initial beam direction as free parameters. Then by using Egnoments, and in the background subtraction. In addition to
(4b), we obtained,, for each run, which in turn allowed us the statistical errors, there is an overall normalization error
to determine the polarimetdr,; analyzing powers. arising from uncertainties in the polarimeter analyzing pow-
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FIG. 3. Differential cross section and the four analyzing powers FIG. 4. Differential cross section and the four analyzing powers
for 8Li- “He elastic scattering & ;=19.6 MeV. The solid lines are  for 8Li- *He elastic scattering & ;=5.5 MeV. The solid lines are
a guide for the eye. The dashed lines are optical model calculatiors guide for the eye. The dashed lines are optical model calculations
using parameter set 1 of RéB]. using parameter set 1 of RéB].

ers and in the correction for the error in matching the bean®ross section and vector analyzing powers in the 18—-30 MeV
energy to the polarimeter calibration energy. The normalizalab energy range, it is instructive to compare our measure-
tion error is estimated to be 8% f@g,, 12% forT,;, 9% for ~ ments to optical model calculations using parameters that fit
T,,, and 12% fori T ;. the 27.8 MeV datd3]. In Fig. 3, the 19.6 MeV data are
For the 5.5 MeV cross-section measurements shown ighown along with an optical model calculation using the set
Fig. 4, there is a 4% normalization error, arising from finite 1 parameters of Ref3]. This set includes real and imaginary
peak sum limits and from uncertainty in the normalization tocentral potentials, a spin-orbit and a tensor potential, and a
the ®Li-Xe cross section. For analyzing powers at this en-J-dependent form factor in the imaginary central potential
ergy, the normalization error is due to uncertainty in the(to simulate channel-coupling effegtsGreenet al. found
polarimeter analyzing powers, and to uncertainty in the dethat this set of parameters gave a good fit to forward-angle
polarization factors. Uncertainty in the correction for match-(<90°) cross-section and analyzing power data at 27.8
ing the beam energy to the polarimeter calibration energy i#€eV. Our 19.6 MeV data are not as well-described by the
negligible. The normalization error is estimated to be 12%pptical model calculations as the 27.8 MeV data are, al-

for T,o, 10% forT,;, 9% for T,,, and 12% fori T ;. though the general shapes of all but Thg analyzing powers
are in rough agreement with the data. Figure 5 shows the
IV. DISCUSSION results of calculations using parameter sets 2 and 3 from Ref.

[3]. Set 2 has no tensor potential bdependence, and gave

A comparison of the 19.6 MeV vector analyzing powersa good fit to the 27.8 MeV cross-section data. Set 3 has the
to the 18.3 and 21.3 MeVWT ,, data of Ref[1] shows thatthe same types of parameters as set 1, but was found to give a
new vector analyzing power measurements are quite similasomewhat better fit to the back angle data at 27.8 MeV than
in shape and magnitude to the older ones. This is as exdid set 2 or set 1. Again, at 19.6 MeV, neither set 2 nor set 3
pected, because the energy dependencd gfis weak in  gives a satisfactory fit to the whole range of data, although
this energy rang¢l]. The 19.6 MeV analyzing powers are set 3 gives a better fit t®,, than do the other sets. We have
qualitatively similar to those measured at 27.8 MeV byfound that it is possible to improve the cross-section fits
Greenet al. [3], in that all analyzing powers are largex-  somewhat by using slightly different parameters, but, as with
cept forT,, at 27.8 MeV}, and have a good deal of angular the 27.8 MeV data, the back-angle cross-section data gener-
structure. The analysis of Reff3] indicates that the spin- ally cannot be fit well.
orbit potential, exchange interactions, and channel coupling At 5.5 MeV, the cross section and analyzing powers have
all contribute to the analyzing powers at 27.8 MeV. a much simpler structure than at 19.6 MeV. The cross sec-

Because of the relatively weak energy dependence of thiion also shows a strong back-angle peaking, which is under-



56 CROSS SECTION AND ANALYZING POWERS FORLI- . . . 275

10* — 10
E\\ T 1 T ] o T T T T3 oo T T T T
F 0.4
0.2 0.0
T
0} o0 T Teo
~ -0.2 ~ 02 -
Q = 2
g -0.4 g 10"
-~ S~ F -04 —
— -0.6 —_
< 8 1 | | | 1
v N’
5 0.6 5 oo b T T T
04
0.2 0.0
T
L 0.0 100 L T21
-0.2 -02 —
-04 02
06 0.4 [ .
1 | | | | 0.0 1 | | | |
0.2 T T T T T ]
1T110.2 . -02
1Tll 0.0
-04 T22
0.2 [ .
06 —
. ] i 1 0.4 [ -
S N T P 08 T L
0 30 60 90 120 150 180 0 30 60 90 120 150 180 0 30 60 90 120 150 180 0 30 60 90 120 150 180
6, (deg) 0 (deg) 6, (deg) 6, (deg)

c.am. cm. c.am.

FIG. 5. Differential cross section and the four analyzing powers FIG. 6. Differential cross section and the four analyzing powers
for 8Li- “He elastic scattering &,;=19.6 MeV, with optical model  for ®Li- *He elastic scattering & ;=5.5 MeV, with optical model
calculations using parameter setdashed linesand parameter set calculations using parameter setdashed linesand parameter set
3 (dotted line$ of Ref.[3]. 3 (dotted line$ of Ref.[3].

. lower-energy measurements may be particularly useful for
stood as being due to the process of deuteron exchange %Vestigating the spin degrees of freedom®af.
tween the twax-particle cluster$12]. It can be seen in Figs.

4 and 6 that the back-angle cross section is not fit well by the
optical model potential parameters of RH]. Although it is
possible to produce better optical-model fits to the 5.5 MeV We thank the students and staff of the University of
data(particularly the forward-angle cross sectipthe back-  Wisconsin-Madison nuclear physics group for their assis-
angle data are still not well fit. If deuteron exchange doegance in taking data. We also thank Sean Nimm for his help
play an important role at the back angles, it is reasonable to performing the optical model calculations. This work was
suppose that the back-angle analyzing powers are sensitigeipported in part by the National Science Foundation and by
to details of the internal structure 8Li. In that case, these a University of Wisconsin-Whitewater Research Grant.
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