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Measurements of the polarization observables for *He(p, p)*He elastic scattering have been obtained
using a polarized proton beam in conjunction with polarized and unpolarized *He targets. An
unpolarized target was used to make high precision measurements of the proton analyzing power
Ayo at the energies of 4.01, 5.54, 7.03, 8.52, and 10.01 MeV. A total of 135 data points were obtained
with accuracies of typically &+ 0.005 or better. A newly developed polarized *He target was then
used to make measurements of the *He analyzing power Aoy, and the spin correlation coefficient
Ay, at the same five energies. A total of 48 data points were obtained for each observable. Finally,
measurements of the spin correlation coefficients A;q, Az., A.2, and A,, were made at the single
energy of 5.54 MeV. The accuracy of the spin-correlation and *He analyzing power measurements is

typically on the order of £+ 0.01-0.03.

PACS number(s): 24.70.+s, 25.10.+s, 25.40.Cm, 29.25.Pj

I. INTRODUCTION

Throughout the last thirty years there has been a sig-
nificant amount of interest in describing p-3He elastic
scattering. The various approaches that have been used
to reproduce the measurements for this system have in-
cluded phase shift descriptions [1-3], resonating group
calculations [4], R-matrix analyses [5], cluster model cal-
culations [6], and separable potential models [7]. In view
of the theoretical interest in this process, an improved
data set including measurements of second-order polar-
ization observables is clearly of value.

Our own interest in p-3He elastic scattering arises in
part from the possibility of probing the D-state com-
ponents of the 3He wave function by using forward dis-
persion relations [8] to obtain information about the
nature of the deuteron exchange amplitudes. For this
kind of analysis it is essential to have an accurate set of
energy-dependent phase shifts. Prior to our work, phase
shift analyses had been hampered by the lack of spin-
correlation measurements, which resulted in large phase
shift uncertainties and in some cases, multiple phase shift
solutions. Because of the difficulties involved in obtaining
measurements of second-order polarization observables,
there have been only two previous measurements of A,
and only eight measurements each of A,, and Ay, in the
energy region below 12 MeV [9, 10].

In order to more accurately determine the p-3He phase
shifts, we have performed two experiments designed to
significantly improve the scattering observable data base.
The first experiment has produced high precision mea-
surements of the proton analyzing power Ay. This was
done with a polarized proton beam and a conventional
unpolarized 3He gas target at the energies of 4.01, 5.54,
7.03, 8.52, and 10.01 MeV. The angular distribution for
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each energy consists of 27 points, with errors ranging
from 0.0004 to 0.0082. The second experiment involved
the use of a newly constructed polarized 3He target to
measure the spin observables Ayg, Aoy, and Ay, at the
same energies. For these measurements, the angular dis-
tribution at each energy consists of 8 to 10 points, with
errors ranging from 0.001 to 0.043. Additional measure-
ments of the remaining spin-correlation parameters A,
Az, Az, and A,, (5 points for each observable) were
obtained at the single energy of 5.54 MeV.

II. FORMALISM

We adopt the usual coordinate frame in which the axes
Z, U, and 2 are expressed in terms of the proton initial
and final state momenta k; and k¢ as

t=k;, 9= (kixks)/|kixks|, &=79x32. (1)
The convention we use is that the directions of £ and 7
are fixed for scattering to the left-hand side of the beam,
which makes ¢ vertical.

In expressing the differential cross section for the ex-
periment, we are interested in the case in which both
the initial proton and 3He are polarized and final state
polarizations are not detected. The azimuthal angle ¢
is defined as the angle between the fixed & axis and the
reaction plane. For both of our experiments, the reac-
tion products were detected in the horizontal &-Z plane,
implying that ¢ = 0° or 180°. Following La France [11],
the polarized differential cross section for these values of
¢ can be written as

0'(0, d)) =09 1+ PbyAyO + PtyAOy

+ PbyPtyAyy + Pba:PtzAa:z + szPtzAzz

+ szPtzAmz + szPtzAzz . (2)
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The upper sign in Eq. (2) refers to scattering to the left
(¢ = 0°), while the lower sign refers to scattering to the
right (¢ = 180°). The proton beam polarization is de-
noted as P, while the 3He target polarization is denoted
as P;.

III. UNPOLARIZED TARGET MEASUREMENTS

A. Polarized beam

Both of the experiments described in this paper were
performed at the University of Wisconsin tandem acceler-
ator laboratory. The polarized proton beam was provided
by the Wisconsin colliding beam polarized ion source [12].
The direction of the beam polarization was established
with a Wien-filter spin precession magnet which was ca-
pable of orienting the polarization vector along any of
the three coordinate axes. During the data acquisition
the beam current on target was typically 100 nA. After
passing through the scattering chamber, the beam en-
tered a polarimeter in which the beam polarization was
determined by p-a elastic scattering [13]. The beam po-
larization was on the order of 0.85 and was statistically
determined to 1% over the course of a typical 2 h run.
The polarimeter has been calibrated to an accuracy of
2% in the energy range 3-8 MeV, and 1% in the energy
range 8-12 MeV. After passing through the polarimeter,
the beam was collected in a Faraday cup.

B. Target apparatus

Two different scattering cells were utilized for the un-
polarized 3He measurements. The cells were constructed
to cover different angular ranges; the forward angle cell
was used in the range of 20° < 6, < 65°, and the
back angle cell used in the range of 65° < 6,;, < 150°.
The forward angle cell contained a set of internal anti-
scattering slits, 2 mm wide by 4 mm high, designed to re-
duce the background from foil-foil scattering events [14].
The beam entrance and exit openings and the side win-
dows of both cells were covered with 2.54 ym Havar foil.
In operation, the cells were attached to the bottom of
a liquid nitrogen Dewar designed to fit into the lid of
the scattering chamber. During data acquisition the for-
ward angle cell reached a base temperature of typically
150 K, while the back angle cell typically cooled down
to 80 K. The forward and back angle cells were operated
at 621 and 517 Torr, respectively. In order to reduce the
background from possible contaminants in the gas, the
cells were filled through a cold trap containing molecular
sieve.

Detection of the scattered protons was accomplished
with silicon surface barrier detectors mounted 25 cm from
the target cell. Measurements were obtained at three
different angles simultaneously, using pairs of detectors
located symmetrically to the left and right of the beam.
The detector slit systems consisted of a forward slit ap-
proximately 10 cm from the target and a second slit lo-
cated directly in front of the detector [14]. Both slits
were 1 mm in width, which results in an extreme angu-
lar acceptance of +0.38°. The detectors and slit systems
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were mounted on independently movable supports in the
scattering chamber. Each support was equipped with a
vernier scale which enabled the angular position to be
determined to 0.02°.

C. Data acquisition and reduction

Measurements were taken in a series of 2 h runs. Dur-
ing each run the beam polarization was reversed every
0.25 s by switching RF transitions at the ion source. Sep-
arate spectra were accumulated for the two spin states,
and at the end of each run the spectra were recorded on
computer disk for later analysis.

The peak of interest was always well isolated in the
spectrum, and the background was sufficiently small (well
below 1%) that no background subtraction was neces-
sary. A small peak from *He contamination was evident
at small angles, but this was well separated from the 3He
peak.

The electronic dead time was determined by sending
pulses to the detector preamplifiers at a rate propor-
tional to the beam current. A typical detector count rate
was 5 Hz, and as a consequence all dead times were less
than 1%. Dead time corrections to the analyzing power
measurements were negligible.

The analyzing power was extracted from the measured
peak sums by the usual cross ratio method:

1 /(X-1
- 3
Ay() Pby (X—{-l)’ ( )
where
1
LTR™\?2
X—(—L_R+) . (4)

Here L™, L=, R*, and R~ represent the number of
counts in the left and right detectors for the + and — spin
states, and P, is the average beam polarization magni-
tude.

It was necessary to make corrections to the raw ana-
lyzing power measurements to account for energy differ-
ences between the data obtained with the forward angle
and back angle cells. For the forward angle measure-
ments (f..m. < 83°) the base temperature of the cell was
not determined until after the data acquisition runs had
been completed. As a result, the proton energies for the
forward angle data were systematically higher than those
of the back angle measurements by an amount ranging
from 320 keV at 4 MeV to 60 keV at 10 MeV. At each
of the forward angles, the analyzing power values were
corrected to match the energies of the back angle data
by performing a polynomial fit of Ay as a function of
energy. The corrections were less than 0.005 at 4 MeV,
and less than 0.002 at the remaining energies. The un-
certainties in the quoted forward angle analyzing power
measurements include estimates of the errors resulting
from the polynomial fitting procedure and from the un-
certainty in the cell temperature.

The final measurements are listed in Table I. For the
back angles the quoted errors consist of statistical uncer-
tainties only, while for the forward angles we include the
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TABLE I.
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Measurements of the proton analyzing power A, ¢ from the unpolarized 3He target. The quoted errors are statistical, except for the

forward angles (6c.m. < 83°) where a contribution arising from the energy adjustment of the data has been included. In addition to the quoted
errors, the measurements are subject to an overall scale factor uncertainty of 2% for E, < 8 MeV and 1% for E, > 8 MeV.

4.01 MeV 5.54 MeV 7.03 MeV 8.52 MeV 10.01 MeV
6c.m. AyO Oc.m. AyD 6c.m. Ayo Oc.m. AyO Oc.m. Ayo
26.62° 0.1105(15) 26.62° 0.0607(12) 26.63° 0.0236(6) 26.64° 0.0013(5) 26.65° —0.0113(4)
33.20° 0.1113(17) 33.21° 0.0439(12) 33.22° 0.0038(8) 33.23° —0.0185(5) 33.24° —0.0329(7)
39.70° 0.1126(26) 39.71° 0.0337(13) 39.72° —0.0091(8) 39.74° —0.0348(6) 39.75° —0.0498(7)
46.14° 0.1164(29) 46.15° 0.0303(14) 46.16° —0.0188(10) 46.18° —0.0475(7) 46.19° —0.0649(10)
52.47° 0.1268(22) 52.49° 0.0341(16) 52.50° —0.0253(10) 52.51° —0.0593(7) 52.53° —0.0809(6)
58.74° 0.1492(29) 58.75° 0.0431(20) 58.77° —0.0273(14) 58.78° —0.0692(10) 58.80° —0.0942(9)
64.93° 0.1778(32) 64.94° 0.0584(23) 64.96° —0.0242(15) 64.97° —0.0745(11) 64.99° —0.1075(11)
70.98° 0.2189(34) 71.00° 0.0849(27) 71.01° —0.0132(20) 71.03° —0.0784(15) 71.05° —0.1180(12)
76.92° 0.2630(36) 76.93° 0.1270(31) 76.95° 0.0083(23) 76.97° —0.0715(16) 76.98° —0.1232(15)
82.72° 0.3136(37) 82.72° 0.1848(36) 82.74° 0.0488(28) 82.78° —0.0486(21) 82.77° —0.1182(18)
88.38° 0.3620(63) 88.39° 0.2636(50) 88.41° 0.1146(26) 88.43° 0.0001(21) 88.44° —0.0923(17)
93.92° 0.3851(66) 93.94° 0.3563(63) 93.96° 0.2174(42) 93.97° 0.0783(32) 93.99° —0.0312(17)
99.30° 0.4005(68) 99.32° 0.4344(73) 99.34° 0.3403(55) 99.35° 0.2101(37) 99.37° 0.0815(23)
104.53° 0.3841(69) 104.55° 0.4871(80) 104.57° 0.4573(74) 104.58° 0.3721(51) 104.60° 0.2595(31)
109.61° 0.3647(64) 109.62° 0.4952(82) 109.64° 0.5345(81) 109.66° 0.5032(54) 109.67° 0.4606(44)
114.51° 0.3257(58) 114.53° 0.4656(76) 114.54° 0.5477(81) 114.56° 0.5865(45) 114.57° 0.5996(51)
119.28° 0.2871(50) 119.29° 0.4206(65) 119.31° 0.5180(76) 119.32° 0.5851(45) 119.57° 0.6389(54)
123.91° 0.2486(48) 123.92° 0.3642(62) 123.94° 0.4605(68) 123.95° 0.5322(41) 123.96° 0.5921(49)
128.37° 0.2156(41) 128.39° 0.3232(51) 128.40° 0.4014(60) 128.41° 0.4661(37) 128.65° 0.5189(44)
132.70° 0.1886(39) 132.71° 0.2776(50) 132.73° 0.3457(53) 132.74° 0.3974(32) 132.75° 0.4465(38)
136.89° 0.1660(35) 136.90° 0.2430(40) 136.91° 0.2943(45) 136.92° 0.3386(28) 137.14° 0.3737(34)
140.94° 0.1408(36) 140.95° 0.2084(34) 140.96° 0.2551(37) 140.97° 0.2894(25) 141.05° 0.3179(36)
144.88° 0.1247(31) 144.89° 0.1845(41) 144.90° 0.2178(40) 144.91° 0.2434(39) 144.92° 0.2693(39)
148.72° 0.1047(33) 148.73° 0.1555(28) 148.74° 0.1846(27) 148.75° 0.2092(19) 148.83° 0.2242(28)
152.46° 0.0927(29) 152.46° 0.1319(32) 152.47° 0.1560(31) 152.48° 0.1759(33) 152.49° 0.1917(31)
156.10° 0.0768(33) 156.11° 0.1099(23) 156.11° 0.1322(20) 156.12° 0.1468(15) 156.19° 0.1576(23)
159.66° 0.0666(26) 159.67° 0.0929(30) 159.68° 0.1059(24) 159.68° 0.1212(26) 159.69° 0.1323(25)

errors from the energy shift as well. In addition to the
quoted error there is an overall normalization uncertainty
of 1% to 2% resulting from the polarimeter calibration
uncertainty. The listed scattering angles have been cor-
rected for a small intrinsic misalignment of the detector
slit systems. The uncertainty in 6., for each point is
estimated to be +0.05°. The uncertainty in the quoted
proton energy for each complete angular distribution is
estimated to be £0.03 MeV.

IV. POLARIZED TARGET MEASUREMENTS

A. The polarized target apparatus

The University of Wisconsin polarized 3He target is
a low pressure, double-cell system similar in design to
the target of Milner et al. [15]. The polarization mech-
anism, which has been previously described by Cole-
grove et al. [16], works as follows. An optical pumping
source provides circularly polarized light that is directed
upon a weak 3He discharge. The polarized light at the
wavelength of 1.083 pum produces transitions from the
23S, metastable levels to the 23P levels. These states
then decay back to the 235; state, with selection rules
AL = 1,Am = +1,0. This process alters the magnetic
substate population of the metastable atoms, leaving the
sample with a net electronic polarization which is then
passed on to the nucleus through the hyperfine interac-
tion. The polarization is then transferred to the ground-
state atoms through “metastability-exchange collisions,”
in which the electron clouds of a polarized metastable
atom and an unpolarized ground state atom are inter-
changed.

As the optical pumping source, we have used a com-
mercial CW YAG laser cavity (Lee Laser model 750M)

with an LNA rod (La;_;Nd,MgAl;;019) as the lasing
medium [17]. The laser was tuned to the 1.083 pum 3He
transition through the use of a single, 0.2 mm uncoated
etalon. The pumping power was typically on the order
of 1 watt on the helium transition. The circular polar-
ization of the laser, and hence the polarization state of
the target, was changed through the use of a rotating
quarter-wave plate attached to a stepper motor. This as-
sembly was mounted on the laser rail and was interfaced
to a computer so that the target polarization could be
automatically changed. Further details are given in Ref.
[18].

The 3He gas was contained in a double-cell system con-
sisting of a glass optical pumping cell located outside the
scattering chamber and coupled through a narrow tran-
sition tube to the target cell. The operating pressure of
the helium gas was 2 Torr. Two 3.8 cm diameter, 5.1 cm
long cylindrical Pyrex pumping cells were constructed for
the target: one for producing polarizations in the hori-
zontal plane (the -2 plane) and a second for vertical (§)
polarizations. The polarized gas from the pumping cell
diffused down into the scattering cell through a 4.8-mm-
i.d. brass transition tube. The cylindrical scattering cell
was machined from copper and had a height of 31.8 mm
and a diameter of 57.2 mm. The left and right side win-
dows were constructed so that the detectors could view
a continuous range of lab angles from 37.5° to 147.5°.
The beam entrance and exit foils were 2.54 pm thick
molybdenum foil, while the side windows were covered
with 25.4 um kapton foil. The scattering cell was cooled
by a cold finger connection to a liquid nitrogen Dewar.
The base temperature of the scattering cell during data
acquisition was typically 125 K. ’

During operation the polarization of the helium in the
pumping cell was monitored by measuring the optical po-



larization of the discharge light. It is well known that the
degree of circular polarization from the 3D — 2P elec-
tronic transition at 667.8 nm can be related to the ground
state 3He nuclear polarization [19-21]. The circular po-
larization of the light from the discharge was monitored
with an optical polarimeter located along the axis of the
pumping cell. The polarimeter operated by using a rotat-
ing quarter-wave plate to transform the incoming circu-
larly polarized light into rotating, linearly polarized light.
This linearly polarized light then passed through a fixed
linear polarizer, to produce a sinusoidally varying signal
with an amplitude proportional to the original circular
polarization. The light intensity was measured with a
photomultiplier tube and the resulting signals were sent
to a computer, where they were analyzed and stored for
future data reduction. In Sec. IVD 3 we will discuss how
the nuclear polarization in the scattering cell was deter-
mined for the final analysis.

Helmholtz coils surrounding the entire scattering
chamber were used to provide a uniform guide field of
typically 2.5 mT. The coils can be mounted to produce
a magnetic field along any of the three orthogonal coor-
dinate axes.

B. The polarized beam

In order to measure all of the spin observables in Eq.
(2), it is necessary to produce proton beams polarized
along the & and 2 directions as well as along §. As de-
scribed in Sec. IIT A, the spin orientation of the beam
was set using a Wien filter. The polarimeter described in
Sec. IIT A was originally designed to measure only the §
component of the beam polarization. To measure the Z
component, a flange was constructed to rotate the entire
polarimeter assembly by 90°. An equivalent arrangement
is not possible for polarizations along the Z axis, and so
the procedure used was to alternate between runs with %
and Z polarizations. The polarization for a given 2 run
was taken as the average of the # runs that preceded and
followed it. The typical polarization variance between
successive & runs was 1%.

C. Data acquisition

Protons from p-3He elastic scattering in the target cell
were detected with silicon surface barrier detectors. The
scattering volume for each detector was defined by a slit
system consisting of two pairs of stainless steel slits sep-

TABLE II.
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arated by 7.62 cm. The front and back slit apertures
were both 2 mm wide, producing an angular acceptance
of £1.5°. During data acquisition, measurements were
taken at five different angles simultaneously, with pairs
of detectors at symmetric angles to the left and right of
the beam.

Extraction of the spin-correlation coefficients requires
a relative measurement of the integrated charge for the
various spin states. This was accomplished with a Fara-
day cup located behind the polarimeter.

The polarized target data were taken in a series of runs
in which the target was configured for polarization along
the &, §, or 2 direction. During the data acquisition, the
target spin was flipped every 10 min. The proton analyz-
ing power Ayo, helium analyzing power Ag,, and spin cor-
relation coefficient A,, were all measured simultaneously
with beam and target polarized along the y axis. The re-
maining spin correlation coefficients A, A.,, A,., and
A,. were measured individually in runs with beam and
target polarized along & or 2. The measurements were
taken in a series of 2 h runs in order to minimize the
possibility of data loss due to equipment failure. It was
typically necessary to perform eight to ten 2 h runs in
order to reach the desired statistical accuracy.

Measurements of the quantities Ayg, Aoy, and Ay,
were obtained at 8 angles at the energy of 4.01 MeV.
At each of the four remaining energies, 5.54, 7.03, 8.52,
and 10.01 MeV, the measurements were taken at 10 an-
gles. The remaining second-order polarization observ-
ables, Ayq, Azz, Azz, and A, ., were measured at 5 angles
at the single energy of 5.54 MeV.

D. Data reduction

1. Eztraction of the observables

For an experiment involving both a polarized beam
and target, the extraction of first- and second-order po-
larization observables is complicated due to the large
number of terms in the differential cross section. Fol-
lowing the development of Vigdor et al. [22], we write
the cross sections of Eq. (2), as sums and/or differences
of eight separate terms which are distinguished by their
symmetry behavior under three different operations: in-
terchange of left and right detectors, spin reversal of the
proton, and spin reversal of the 3He nucleus. These eight
quantities, denoted as A; and B; for ¢ = 1,4 are listed
in Table II, along with their symmetry properties un-

The eight independent parts of the polarized differential cross section. Each term has a unique symmetry under interchange of left

and right detectors, proton spin reversal, and 3He spin reversal. The notation is explained in the text. This table is based on the development of

Vigdor et al. [22].

Symmetry under

Beam spin Target spin Expression for the ratio of polarized
lor reversal reversal to unpolarized cross section
+ -+ + Ag = 1+ PyyPiyAy, + }?banAzz + Py P A,
+ — + Ay = PyyPiyAyy + PpeProAvs + Po2 Pz Az
+ + - Ay = PoyPiyAyy + PooPizAge + Py Piz A
+ — - A3z = PyyPiyAyy + PoePizAzs + Po:Prz Az
- + + Bo = PyyAyo + PiyAoy + PocPrzAc: + Py Pro Ass
- - + By = PyyAyo + PoaPt;Ag: + Py Pra Az
— + — By = PiyAgy + PoaPi2Az: + Py Pia Az

|

B3 = Ppo P12 Az; + Py, P Az,
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der the aforementioned operations. In these expressions,
the quantities P, and P; refer to the average polarization
magnitudes (typically 0.85 for the beam and 0.30 for the
target), while I_’b(t) represent the differences in the po-
larization magnitudes between the + and — spin states
(P ~0).

For any given measurement it is useful to distinguish
between the primary and secondary polarization axes.
The primary axis is the direction along which the polar-
ization vector needs to be oriented in order to measure
the desired observable. The secondary axes are those
directions not involved in the measurement. For exam-
ple, to measure A;,, the primary polarization axes are
Z and % for the beam and target respectively, while the
secondary axes are ¥ and 2 for the beam and ¢ and & for
the target. The main point is to realize that in any given
measurement the secondary P; and P, polarization pa-
rameters as well as all of the P; and P, polarizations are
small (for our experiment the maximum values of P, and
P, were 0.01 and 0.02, respectively, while the secondary
polarizations had extreme values of P, = 0.03 and P, =
0.01).

The procedure we use to determine the analyzing pow-
ers and spin-correlation coefficients is as follows. The
first-order analyzing powers Ayo and Ao, are extracted
from B; and B; respectively. The quantities A,,, Ay,
and A,, are all determined by extracting the value of A3
(for runs with different spin orientations). Similarly A,
and A,, are both determined from extracted values of
Bjs. Inspection of the expressions in Table IT shows that
in all cases the term of interest in A3, By, B3, or B3 is as-
sociated with unwanted terms, but that these unwanted
terms always involve a product of two small polarization
parameters. These contaminant terms are typically an
order of magnitude smaller than the ultimate statistical
errors, and consequently were neglected in the analysis.

The individual A; and B; terms are extracted as fol-
lows. The counts obtained in the right and left detectors
are denoted as R;; and L;;, respectively, where the index
i refers to the proton spin state and the index j refers
to the 3He spin state. (Both indices can assume values
of 4+ or —, depending on whether the spin state is paral-
lel or antiparallel to the polarization axis.) Similarly, I;;
represents the integrated charge, where the indices have
the same meaning as above. Using these quantities, the
sums and differences S;; and D;; are defined according
to

Li; + Rij
Sij = JI.. * (5)
L — R;;
Dijz‘—‘JI” oF (6)
?,

We now construct the following four pairs of sums:

So=S44 +S4-+S5 4+ 5,

DoED++ +D+_ +D_+ +D.,7, (7)
S1=8544+854-—-854+ -85,
D.=Dyy+Dy_~-D_y-D__, (8)

S2=854 =S +S5 4 -5,
D;=Dyy -Dy_+D_,-D__, (9)
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S3=85,4 -5, —-S_+5_,
D3 = D++ — D+_ — D_+ —+ D__. (10)

With these definitions, it can easily be shown that the
A; and B; terms (and hence the observables themselves)
are given by

A; = (8:So0 — D;Dy) /((50)2 - (Do)z) )

B; = (D:iSo = $iDo) [ ((S0)* = (Do)?) ,

(11)
(12)

where we have again neglected terms that are second or-
der in the small polarization parameters.

The method presented here for obtaining the spin ob-
servables assumes that the relative integrated charges I;;
can be well determined. The measurement of these quan-
tities is potentially a serious problem because the Fara-
day cup we use is located in the helium gas that fills the
polarimeter (so in reality the cup functions like a low-
voltage ionization chamber). From studies of the long-
term stability of the readings we believe that variations
in the collection efficiency are no greater than +5% over
the 10 min target spin flip period. Assuming that the ef-
ficiency variations occur randomly (i.e., that they are not
correlated with spin flips) one can show that the resulting
systematic errors are negligible.

2. Background removal

In general, the observed proton spectra were reason-
ably clean, consisting of a single strong peak from elas-
tic scattering along with a smoothly varying low energy
background. This background, which was strongest at
the most forward and most backward angles, probably
results from beam particles which scatter in the cell en-
trance foil and then strike parts of the cell which are
viewed by the detectors. Peaks from foil-foil scattering
were present at the most forward angles, but in all cases
these peaks were well separated from the elastically scat-
tered proton.

Figure 1 shows a proton spectrum obtained at E, =
7.03 MeV and i, = 37.5°, the most forward angle at

T T T T
_.g 103; 3He Pulser | |
= i
o £
O F
- ol Foil—Foil
o 10 E E
[ -
o
_g [
1
2 10 3 .
E 1 1 1 1 1
50 100 150 200 250
Channel

FIG. 1. Pulse height spectrum for E, = 7.03 MeV and
Oc.m. = 49.3°. The three peaks, in order from left to right,
correspond to protons scattered from *He, protons from foil-
foil scattering, and pulser counts. The spectrum shown is an
example of the most severe case of background contamination
encountered in the experiment.



which data were taken. The spectrum shown is for the
right detector and the — — spin state, with beam and
target both polarized along the § axis. This spectrum
represents the most severe case of background contami-
nation observed in the experiment.

Background subtraction was accomplished with the aid
of a peak-fitting program. The proton elastic scattering
peak was modeled using a split, hyper-Gaussian function,
and the background was assumed to be linear. Not all
of the fit parameters were needed for every angle and en-
ergy, and in some cases, particularly for lab angles around
90°, the background was non-existent. However, in order
to ensure consistency in the data reduction a computer
program was written to automate the process whether or
not background subtraction was necessary.

The success of the background subtraction scheme was
tested by subjecting the data to a “channel-by-channel”
analysis. The procedure is illustrated in Fig. 2. Here the
upper panel shows an expanded version of the raw data
from Fig. 1 (solid points), along with the fit (solid curve)
and the resulting background subtracted spectrum (open
points). The lower panel shows a channel by channel cal-
culation of the proton analyzing power Ayq obtained from
the displayed spectrum together with analogous spectra
for the other spin states and for the left detector. No-
tice that when the unsubtracted spectra are used (solid

w 100k ]
E |
= E
O
(& 10 b °© Centroid |
-
° 3
S 1
g 10 F § ¢ 3
= :
5 : 79
100 l 1 1 1 1 1 1 1

100 102 104 106 108 110 112 114

0.0 F E o o4 ﬂ .
| . i\ .. ]
.—0_1 - .
o I % } % ® Centroid
[
[

0.4 | E ]
1 1 1 1 1 1 1
100 102 104 106 108 110 112 114

Channel

FIG. 2. Results of a channel by channel analysis. The
solid points in the upper panel show an expanded version of
the elastic proton peak from Fig. 1. The curve is the fit to
these data obtained with a peak fitting algorithm, and the
open points show the resulting background-subtracted spec-
trum. The lower panel shows the values of the analyzing
power, Ayo, extracted channel by channel from the spectra
shown above. The solid points correspond to the raw un-
subtracted data, while the open circles correspond to the
background-subtracted results. The points within the brack-
ets were used to determine the final value of Ayo.

48 SPIN CORRELATION MEASUREMENTS FOR p-*He ELASTIC . . . 1895

points) the A,o values vary across the peak, indicating
the presence of a background whose analyzing power dif-
fers from that of the peak. However, the subtracted spec-
tra show the expected behavior for a background-free
peak, namely an analyzing power which is independent of
position across the peak. The final result for the value of
Ayo in this example was taken to be the weighted mean of
the points shown within the brackets. In most cases the
effect of the background subtraction was far less extreme
than the example shown.

The effectiveness of the background subtraction algo-
rithm may also be judged by comparing the final proton
analyzing powers with the results obtained from the un-
polarized target experiment (in which the backgrounds
were negligible). Overall the agreement of the two data
sets is excellent. When both data sets are simultaneously
included in a global phase shift fit (Ref. [23]), we obtain
a reduced x2 of 0.96 for the unpolarized target data, and
0.87 for the polarized data.

3. Target polarization determination

In extracting the target analyzing power and spin cor-
relation parameters, care must be taken to correctly de-
termine the polarization in the scattering cell. This is a
complicated task, due to the fact that the scattering cell
polarization is never measured directly. The standard ap-
proach for determining this polarization involves a two
step process. The nuclear polarization in the pumping
cell is first determined by measuring the circular polariza-
tion, Pg, of the 668 nm light from the discharge. Recent
work on calibrating the conversion factor between Pg and
the nuclear polarization has led to results which are typ-
ically accurate to £2% [20, 21]. The second step in the
process is to then convert the pumping cell polarization
into a scattering cell polarization by using measurements
of the mixing ratio between the two cells (see, for exam-
ple, Ref. [24]). The determination of this mixing ratio is
not simple. The usual approach is to determine various
diffusion and relaxation rates of the double cell system,
but since this method is rather indirect the determina-
tion of the scattering cell polarization P, is subject to
substantial errors.

We have chosen to adopt a different procedure for
determining the scattering cell polarization. Basically,
this method involves normalizing the observed target
analyzing powers to predictions obtained from a global
phase shift fit of the previously existing p-3He scattering
data [23]. In detail, the procedure we used is as follows.
Our new polarized target data set consists of 48 2 h runs
in the energy range 7-10 MeV in which the beam and
target were polarized along the ¢ axis. For each of these
runs there are measurements of the target asymmetry,
P, Aoy, at 5 c.m. angles. For each run i (where ¢ = 1, 48)
we determine the optimum value of P, by normalizing
the measured target asymmetries to the Aoy phase shift
predictions. The best-fit value of P; and the measured
value of the 668 nm circular polarization, Pg, for each
run are then combined to obtain a value of the ratio

R = P,/Ps. (13)
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TABLE III. Measurements of the proton analyzing power A o obtained with the polarized 3He target. In addition to the quoted errors, the
measurements are subject to an overall scale factor uncertainty of 2% for E, < 8 MeV and 1% for E, > 8 MeV.

Oc.m. 4.01 MeV 5.54 MeV 7.03 MeV 8.52 MeV 10.01 MeV
49.3° 0.1233(27) 0.0316(13) —0.0238(20) —0.0527(17) —0.0733(21)
61.8° 0.1671(50) 0.0403(47) —0.0289(30) —0.0745(22) —0.1014(23)
73.9° 0.2468(44) 0.1033(25) —0.0033(32) —0.0799(31) —0.1205(35)
85.6° 0.3487(71) 0.2249(62) 0.0809(40) —0.0297(42) —0.0985(43)
96.6° 0.3994(55) 0.3948(47) 0.2718(69) 0.1347(68) 0.0121(85)
107.1° 0.3685(79) 0.4880(111) 0.5084(86) 0.4571(93) 0.3480(95)
116.9° 0.3011(65) 0.4452(47) 0.5321(77) 0.5794(92) 0.6239(152)
126.1° 0.2322(80) 0.3404(76) 0.4246(64) 0.4950(80) 0.5578(87)
142.9° — 0.1943(35) 0.2343(62) 0.2714(61) 0.2820(87)
150.6° — 0.1312(62) 0.1633(44) 0.1904(47) 0.2115(54)

TABLE IV. Measurements of the target analyzing power Ag,. In addition to the quoted errors, the measurements are subject to an overall
scale factor uncertainty of —+130% (see Sec. IVD 3).

Oc.m. 4.01 MeV 5.54 MeV 7.03 MeV 8.52 MeV 10.01 MeV
49.3° 0.0205(73) —0.0055(38) —0.0270(72) —0.0580(56) —0.0678(67)
61.8° 0.0531(126) —0.0056(103) —0.0452(58) —0.0740(64) —0.0752(65)
73.9° 0.0571(102) 0.0051(66) —0.0354(113) —0.0748(104) —0.0831(110)
85.6° 0.0806(195) 0.0589(174) ~0.0264(109) —0.0748(137) —0.0998(123)
96.6° 0.1070(154) 0.1004(133) 0.0630(230) —0.0090(206) —0.0650(329)
107.1° 0.1022(301) 0.1553(286) 0.1264(194) 0.1061(234) 0.0607(245)
116.9° 0.0837(173) 0.1356(132) 0.1684(241) 0.1863(328) 0.1510(431)
126.1° 0.0730(243) 0.1167(245) 0.1472(165) 0.1802(209) 0.1636(227)
142.9° — 0.0552(103) 0.0838(249) 0.0824(198) 0.0905(299)
150.6° — 0.0517(250) 0.0562(140) 0.0671(132) 0.0627(147)

TABLE V. Measurements of the spin correlation coefficient Ay,. In addition to the quoted errors, the measurements are subject to an overall
scale factor uncertainty of __*'130 % (see Sec. IVD 3).

Oc.m. 4.01 MeV 5.54 MeV 7.03 MeV 8.52 MeV 10.01 MeV
49.3° 0.1101(87) 0.1424(47) 0.1424(82) 0.1671(66) 0.1751(80)
61.8° 0.1153(170) 0.1360(124) 0.1409(100) 0.1679(81) 0.1447(78)
73.9° 0.0626(122) 0.1062(78) 0.1295(129) 0.1542(122) 0.1161(166)
85.6° 0.0509(245) 0.0996(238) 0.1023(128) 0.0949(152) 0.0971(146)
96.6° 0.0488(169) 0.0323(157) 0.0412(275) 0.0546(242) 0.0801(389)
107.1° 0.0219(303) 0.0216(358) 0.0038(227) 0.0004(264) —0.0239(292)
116.9° 0.0278(205) 0.0660(156) 0.0115(287) 0.0295(386) —0.0202(510)
126.1° 0.0568(293) 0.0835(311) 0.0562(194) 0.0359(257) 0.0314(271)
142.9° — 0.0972(122) 0.0878(247) 0.0706(268) 0.0498(280)
150.6° — 0.1060(294) 0.0927(139) 0.0727(153) 0.0622(200)

TABLE VI. Measurements of the spin correlation coefficients Az., A;z, Azz, and A, at 5.54 MeV. In addition to the quoted errors, the
measurements are subject to an overall scale factor uncertainty of j'lso % (see Sec. IVD 3).

Oc.m. Azz Az Aza Az
49.3° 0.0577(152) 0.0532(53) 0.1142(51) 0.1612(143)
73.9° 0.1197(202) 0.1052(90) 0.0636(90) 0.0684(216)
96.6° 0.0454(339) 0.1004(167) 0.0068(146) —0.1886(390)
116.9° —0.1541(352) —0.0255(176) 0.0140(162) —0.0562(392)

142.9° —0.0878(241) —0.0299(126) 0.0637(117) 0.1414(268)
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FIG. 5. Measurements of the spin corre-
lation coefficient A,,. The open circles are
data from May et al. at 6.8 and 8.8 MeV [10].
The curves are the results of an effective
range analysis discussed in the accompany-
ing paper [23].

FIG. 6. Measurements of the spin corre-
lation coefficients A.., A.., Azz, and A,
at 5.54 MeV. The open circles are data from
May et al. at 6.8 MeV [10]. The curves are
the results of an effective range analysis dis-
cussed in the accompanying paper [23].
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Finally, an overall optimum value of R is found by taking
a weighted average of the 48 separate determinations.
The result we obtain is

R =11.86 + 0.25, (14)

where the error represents only the statistical uncertainty
in the final value of R.

Having chosen a value of R we were then able to carry
out the actual data analysis. For any given run (no mat-
ter what the target configuration) the target polarization
was determined using the recorded optical polarization
for that run:

P, = RP;. (15)

The target polarizations thus determined are subject to
two sources of error, a random error arising from sta-
tistical fluctuations in the measurement of Pg (typically
on the order of £3%) and an overall normalization error
(discussed further below) arising from the uncertainty in
the value of R.

There are a number of factors that need to be taken
into account in estimating the scale factor uncertainty.
One important question concerns the extent to which pre-
vious polarized target measurements can skew the phase
shift predictions on which we base our determination of
R. The database that was used in the phase shift fits con-
tained 105 previous measurements of Agy, obtained from
three different institutions, in the energy range 2.3-12.4
MeV. We find that if the normalization of these data is
changed over the range —2% to +12%, the quality of the
phase shift fit does not deteriorate, and the extracted val-
ues of R essentially track with the normalization change
(i-e., R varies over the range +2% to —12%). Thus, in
effect, the procedure we use ties the normalization of our
data to that of the previous measurements. The previous
measurements were all obtained with single-cell targets,
so that determination of the polarization mixing ratio
was not an issue, but these measurements are still sub-
ject to normalization uncertainties, probably on the order
of 5-10 %.

It is also informative to compare our value of R with re-
sults obtained by combining measurements of the 668 nm
optical-to-nuclear conversion factor with determinations
of the polarization mixing ratio. If we take the mixing
ratio to be 1, the measured 668 nm conversion factors (at
P = 2 Torr) from Refs. [19-21] give R values of 11.7, 10.1,
and 10.5, respectively, where the Ref. [21] result was ob-
tained by linear interpolation of the measurements at 1.6
and 3.0 Torr. The last two determinations are claimed
to be accurate to 2-3 %.

The final piece of information we use in assessing the
normalization uncertainty of our measurements is ob-
tained by including the new measurements in the global
phase shift analysis described in the accompanying pa-
per [23]. With the new target analyzing power and spin-
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correlation data included, we find that the overall best fit
is obtained if the value of R is renormalized by —4 + 3%.

All of these results taken together suggest a probable
systematic error on the order of 5-10%. Furthermore,
the preponderance of evidence points in the direction of
smaller R values, and consequently we take the normal-
ization uncertainty to be jlso%.

E. Results

The results obtained from the experiments with the po-
larized 3He target are listed in Tables III-VI. The quoted
errors are dominated by counting statistics, but include
as well the statistical errors in the determination of the
beam and target polarizations. Possible systematic er-
rors resulting from the choice of background subtraction
algorithm are thought to be negligible, and were taken
to be zero. For the polarized target measurements the
uncertainty in the beam energy is £0.02 MeV and the
angle uncertainty is +0.05°. The overall normalization
errors resulting from the beam and target polarization
measurements are not included in the quoted uncertain-
ties.

V. SUMMARY AND CONCLUSIONS

We have obtained new measurements of the analyzing
powers and spin-correlation parameters for p->He elastic
scattering between 4 and 10 MeV. The measurements
of the proton analyzing power A, are shown in Fig. 3.
Note that the measurements obtained with the polarized
target are in good agreement with the unpolarized target
data. Figure 4 shows our results for the target analyzing
power, while the measurements of the spin correlation
coefficients are given in Figs. 5 and 6. For comparison,
Figs. 5 and 6 also show the measurements of May and
Baker at 6.8 and 8.8 MeV [10]. The agreement between
our data and the previous work is quite good.

Also shown in each figure are the results obtained
from an effective-range phase shift analysis of most of
the available 3He(p, p)®He data over the energy range of
0 to 12 MeV. This analysis, which is described in de-
tail in the following paper [23], included a total of 1085
measurements of which 299 were from the present exper-
iment. Up until the present time, the determination of a
unique phase shift set in this energy range had not been
possible due to the lack of spin correlation data [3, 25].
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