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We have measured cross sections and analyzing powers for x+ and n elastic scattering from a
polarized He target at T = 100 MeV. Measurements have been made over an angular range of 60'
to 110' which extends over the region of the cross section minimum where spin effects in m-nucleus
scattering are predicted to be largest. This is evident from the large value of A„observed in x
scattering from He near 8l b

——80'. The A„data for both x+ and m scattering are qualitatively
reproduced by a schematic PWIA model; however, agreement with the data is significantly improved
when a full nonlocal DWIA reaction model employing realistic three-body wave functions is used.
The asymmetry in m - He scattering resembles the asymmetry for vr scattering from a free neutron
near the cross section minimum and is about half that for x+ scattering.

PACS number(s): 25.10.+s, 24.70.+s, 25.80.Dj, 27.10.+h

I. INTRODUCTION

Within the last two decades much work has been done
to further our understanding of the spin dependent part
of the pion-nucleus interaction using pion elastic and
charge exchange scattering as the tools. Prior to this at-
tention had been focused primarily on nuclei with J = 0
where efFects due to Fermi motion of the target nucleons,
Pauli blocking, and oK-shell extrapolation of the elemen-
tary n Nt matr-ix [1,2] were investigated. These initial
studies provided no information on the spin dependent
part of the pion-nucleus interaction. More recently, a
number of microscopic momentum space optical poten-
tial calculations [3—9] have been developed for nuclei with
nonzero spin and isospin. These calculations preserve
the full spin-isospin dependence of the elementary x-N
amplitudes which contain a complex spin independent
(non-spin-Hip) and a complex spin dependent (spin-Hip)
amplitude for each isospin channel. It was also clear long
ago that, in the case of elastic scattering, studies using
light nuclei would be of great value in examining the spin
dependence of such effects. Since spin dependence in elas-
tic scattering is often due to a single valence nucleon, its
effects are reduced in magnitude by approximately 1/A
relative to spin independent phenomena.

Since it is only recently that polarized nuclear (A ) 2)
targets have been developed [10—12], the vast majority of
information on spin dependence in the pion-nucleus inter-
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action has been derived &om cross section measurements
on odd-A nuclei, perhaps most notably on the He nu-
cleus. Accurate cross section measurements for sr+- He
elastic scattering at energies &om 30 to 300 MeV have
existed for almost ten years [13—15]; however such mea-
surements are only sensitive to the strength of the spin-
Bip part of the interaction near the cross section min-
imum where the spin-Bip amplitude is at a maximum.
The degree to which the minimum is "6lled in" is indica-
tive of the strength of the spin-Bip term. Measurements
of the asymmetry parameter, A~, in pion-nucleus elas-
tic scattering provide valuable new information on the
spin-Hip piece of the interaction since A„depends on the
interference between the spin-Bip and nonQip amplitudes
whereas the cross section depends on their incoherent
sum.

For spin-1/2 targets in the 1p shell [10,11], isC and
N, relatively small asymmetries have been observed.

A conclusive interpretation of these measurements is
furthermore made dificult by uncertainties in standard
wave functions for the nuclear ground state which give
a poor description of the measured magnetic form fac-
tors, e.g., in isC [16] at momentum transfers q 2 fm
In contrast to the p-shell nuclei, the 3He nuclear wave
function can be calculated with good accuracy from the
Faddeev equations using realistic NN potentials as input
[17]. Therefore, for sHe the nuclear structure uncertain-
ties are almost negligible relative to p-shell nuclei. The
sHe(z, z') reaction is thus an ideal probe of the detailed
spin dependence of the spin-0 —spin-1/2 nuclear scatter-
ing amplitude [4—9].

Experimentally, asymmetry measurements with sec-
ondary beams (with pion Huxes of 10s—10' s i) have
only recently become feasible due to the development of
an optically pumped high density polarized He target
at TRIUMF [12]. The first measurements of this type

0556-2813/94/49(4)/2045(9)/$06. 00 49 2045 1994 The American Physical Society



492046 B. LARSON et al.

ver large asymme-d in 1991 [18] where a very g
m+- He e as ic

0 0
tr was observed in m

t 60 80, and 100
ry w

the erst phase of e ef the experiment escri e
etry measurements" includes asymme ryp

3 tterin at 70, 90, an
ornt at 80' and asymme ry m

0
remeasurement a
the vrh - He reaction at six ang es ra
110' ~

section a detailed description of our
1 d b .d;.....i...fis iven followe y aexpe

'
g

'
h two reaction mo e cap

on w ich utilizes Faddeev wave
onlocal distorte -wave

'

ma

(PWIA) 1 1 tiolse a roximation
odx-3He amplitu es are giv[19] in which the

N am litudes an a s'of the elementary vr. . p
etr is calculated.cancels out when the asymme ry

A brief summary is g'is iven in e

II. THE EXPERIMENT

t at the M11 pion chan-p t was carrie ou a
usin an optica y pu

He target. Mom entum analysis o e
le- uadrupole-dipoleed with the quadrupo e-quwas performe wi e- u

(QQD) spectrometer system

of the experimentA. General layout o

e ex erimen a ayt 11 out is shown in Fig.A schematic of the p
s of multiwire propor-

d 11 i ill o (B1)
traversed two sets o mu

tional chambers (MWPC's) and a sma

that scattered ine He target. sonsbefore entering t e
eked using two moree He target were trac ethe region of the e

een the target and the en-
fd 1 1

'
h b

's located between e a
erse D. Twosetso eay

'
e

QQD d de exit of the an

p
The Anal elernen sts of the setup are e

to rovide a clean trig-
th h 1 d

The were use to provi
t' le identification t roug eger an par ice ' t rou e

time o igf 8' ht discrimination.

B. The polarized HHe target

'
cussion of the TRIUMF polarized HeK

[2]. Ad itio oft}1i. 2. nf, h
nd elsewhere 12 . e

'

rg us is shown in ig. . r'

hase two consisted o an c
of 3He

p
g

as. The glass cell was moun e eq g

db ' of12ton separate y anla ers of 25 pm p on say
o reduce heat loss an ed thermal gradients
while contributing a min

d tt d io Ththe incident an scathe energy loss of the i
of 450 K to produceed at a temperature o

. Abo t7Wof i 1 1

p
'

s A = 795.8 nm) were use d t'' t"'llpo poo (

et of 1 m diameter Helrnho tz
he D1 line. A vert&ca

ltzm T was produced by a set o m i
coils.

r' '
d ced by the Fermi contact

b H h 1

rization pro uce

1 db adi b ti flisions could be revversed. and ana yze
d ced by the rotat-he NMR signa in ucepa g

ment was comparelng He magnetic mome
i ar eometry to o ain abt '

an absolute
cause of the weakness of thevalue of the polarization. Because o e w

M11 PION BEAM

COIL
Field

Clam
Front
End

2 In-Beam)Chambers
BWC1

arized He

Target

of the experimental layout.FIG. 1. An overview o e m ed He target setup.FIG. 2. The TRIUMF optically pumpe



49 ASYMMETRIES IN 100 MeV m.+/m -'He ELASTIC SCATTERING 2047

TABLE I. Cross sections and analyzing powers for 100
MeV sr+- He elastic scattering.

TABLE II. Cross sections and analyzing powers for 100
MeV m - He elastic scattering.

8,
(«g)
64.0
75.4
85.0
95.6
104.5
115.3

(do/dO),
(mb/sr)

1.8 + 0.08+ 0.45
0.86 6 0.09+ 0.11
1.07 6 0.10+ 0.13
1.83 6 0.11+ 0.22
2.1 + 0.06+ 0.53
2.94 + 0.14+ 0.33

0.04+ 0.09 + 0.02
0.69+ 0.17 + 0.035
0.80+ 0.094 + 0.04
0.52+ 0.09 + 0.03
0.38+ 0.06 + 0.04
0.25+ 0.08 6 0.013

8,
(«K)
65.1
75.4
85.6
95.6
105.5
115.3

(do/dO),
(mb/sr)

1.8 + 0.16+ 0.22
1.04 + 0.07+ 0.12
0.96 + 0.05+ 0.11
0.97 + 0.06+ 0.12
1.1 + 0.09+ 0.13
1.21 + 0.09+ 0.15

0.32+ 0.10 + 0.06
0.36+ 0.12 + 0.02
0.55+ 0.09 6 0.03
0.41+ 0.11 + 0.06
0.19+ 0.13 6 0.10
0.28+ 0.13 6 0.10
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FIG. 3. The variation of the He polarization as a function
of time throughout the course of this experiment.

water signal [it is smaller than the sHe signal by a factor
of (3.71 x 104)pP where p and P are the sHe pressure and
polarization, respectivelyj, and also because of a signifi-
cant temperature dependence in the induced NMR sig-
nal, a systematic uncertainty of GPSS/Pt, 0.07 h——as been
adopted for the absolute He polarization during the first
phase of the experiment. A reduction in the number of
windings on the NMR pickup coil greatly reduced the
temperature sensitivity of the induced signal and allowed
a determination of the proton NMR signal to an accuracy
of less than 5%%up. Thus an uncertainty of APt/Pt, = 5'%%up is
applied to the data taken during the second phase of the
experiment. This uncertainty is included in the overall
systematic uncertainties for A„quoted in Tables I and
II.

A significant improvement in laser power stability was
also gained between the first and second phases of the ex-

periment. The Ti:sapphire lasers were sealed and purged
with Gltered air which reduced by an order of magni-
tude the &equency with which optical pumping had to
be interrupted to allow for cleaning of the laser optics.
The first phase of the experiment employed a target of
7.03 standard atm pressure and a typical polarization of
45—55'%%up. The second phase employed a slightly smaller
target of 10 standard atm pressure and typical polariza-
tions of 55—60%. A plot of the sHe polarization as a
function of time is given in Fig. 3 for the second phase of
the experiment only.

C. The spectrometer and detectors

Two modifications were necessary to make the QQD
compatible with the polarized He target. The first was
the removal of both quadrupoles to satisfy the spatial
constraints imposed by the target and also to limit mag-
netic field gradients at the target to &3 pTcm . The
second was the installation of a field clamp at the en-
trance to the dipole to further reduce magnetic field gra-
dients at the target. These modifications reduced the
angular acceptance in the vertical (nonbend) plane to =
3.5' whereas the spectrometer angular acceptance in the
horizontal (bend) plane was 7'.

Since the QQD optics was changed substantially by
removal of the two &ont end quadrupoles it was necessary
to recalibrate the scattered pion momentum as a function
of focal plane position. The calibration was obtained by
scattering a 100 MeV sr+ from a 300 mg/cm CH2 target
at angles &om 50' to 110' thereby sweeping the x+-P
elastic peak across the focal plane. This also served as
data for normalization of the He cross sections.

The small 17 mm diameter scintillator (Bl) placed di-
rectly upstream of the target cell defined the active area
of the target and measured the total beam charge inci-
dent on the target cell. The signal &om B1 was used
as the common start signal for all other electronics and
defined the trigger timing.

Tracking to the target was provided by four sets of
MWPC's. Two sets were placed directly in the beam
(BWC's) and the other two were located between the tar-
get and the QQD (FWC's). The MWPC's are specifically
designed to operate efBciently at the 1—10 MHz rates real-
ized for chambers located directly in the beam. The wire
arrangement in these chambers consists of a plane of an-
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ode wires with a cathode foil plane on either side which is
maintained at a negative high voltage. The anode signals
&om each individual wire are fed into separate pream-
plifiers located on the wire chamber. The preamplified
signals are then sent into 16-channel discriminator cards
which form the &ont end of the PCOS III readout sys-
tem. The discriminated signals are sent into 32-channel
encoder units. A crate readout controller reads only the
encoder units which register a hit and encodes the ad-
dresses of all wires that were hit. The addresses are then
buffered for readout by CAMAC.

Since there is no drift time interpolation with this sys-
tem, spatial resolution is limited to the 0.76 mm wire
spacing. The first beam chamber (BWC1 in Fig. 1) is lo-
cated 341 mm kom the target center with the separation
between the chambers being about 230 mm. The corre-
sponding resolution for tracking the beam to the target
is about 1 mm in both the horizontal and vertical direc-
tions and is limited by multiple scattering in the target
and trigger scintillator.

The front end chambers (FWC's) are virtually identi-
cal in construction and readout to the in-beam chambers
(BWC's) previously described, the only difFerences being
that the FWC's are much larger (25.6 x 25.6 cm) and
have a slightly larger (1 mm) wire spacing. Both sets of
chambers employ the PCOS III readout system. A useful
feature of the 32-channel encoder modules is the prompt
"OR" signal which can be obtained by wiring together
the inputs for all of its 32 channels. This feature allowed
us to incorporate the FWC's in the trigger and eliminate
the need for an additional plastic scintillator between the
target and the QQD, thus keeping multiple scattering to
a minimum.

The first FWC was located 362 mm from the target
center with the separation between the chambers being
300 mm. The tracking resolution from this side of the
target was also about 1 mm in both the horizontal and
vertical directions. Only the detector areas which were

compatible with the spectrometer acceptance were in-

strumented. The traceback from the FWC's in conjunc-
tion with that from the in-beam chambers was used to
construct a three-dimensional image of the target and
subsequently exclude events which were observed to come
from the VESPEL oven and the glass vessel which con-
tained the He. Together the four sets of MWPC's pro-
vide ray tracing to the target with 1—2 mm resolution.

III. DATA ANALYSIS

Data were acquired and written to magnetic tape using
TRIUMF's VDACS data acquisition system. The NOVA
software package was used for both the on-line and ofF-

line analysis of the data. The hardware trigger for this
experiment consisted of a coincidence between the beam
scintillator Bl, all of the back plane scintillators, El, E2,
and E3, and an "OR" of the Y planes of the front end
chambers. This condition was sufhcient to constrain the
triggering particles to be pions or muons originating in
the vicinity of the He target cell. Few of the muons have
sufficient momentum to be transported through the QQD

however. More stringent requirements on the scattering
vertex are described below.

A. Background sources

100
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FIG. 4. The time of fiight plotted against the energy loss
in scintillator E3 of Fig. 1.

The initial software filters applied in the playback of
the data were that the particles satisfy time of fight and
energy loss criteria. The time of fight relative to the
front end scintillator B1 versus the energy loss in scintil-
lator E3 is shown in Fig. 4. It is clear that there is little
contribution &om particles other than pions which are
contained inside the rectangular box. The small locus at
longer time of flight arises from muons which decayed in
fight part way through the spectrometer. The loci at
very short time of fight are probably due to random co-
incidences and comprise less than 1'%%uo of the total events.
The other constraint imposed on the "raw" data was that
the event be composed of a single hit in all 12 of the wire
chamber planes. Since the number of events where more
than one hit was recorded in the "in-beam" chambers
was substantial (= 10% for the 7r+ data), these multiple
track events were recovered in the cases where at most
two tracks were recorded. In these cases, the track which
came closest to intersecting the track &om the FWC's
was selected.

The most important cuts for the reduction of back-
ground under the He elastic peak are those involving
the scattering vertex position. The scattering vertex is
given by the midpoint of the line joining the vectors which
describe the incoming and outgoing pion trajectories at
their points of closest approach. Accurate determination
of the vertex within the target was essential for rejection
of events which originated in the glass end caps and side
walls of the target cell. A full three-dimensional vertex
reconstruction was used in order to optimize the trace-
back resolution.

Two diferent projections of the target image, a one-
dimensional projection of the target cell onto the beam
axis (z coordinate) and a two-dimensional projection of
the cell onto the plane perpendicular to the beam axis
(z-y plane) were used to identify the sHe events. These
projections are shown in Fig. 5. Software cuts on z elimi-
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FIG. 5. Events from the He target cell projected onto the
plane normal to the beam axis (top) and onto the beam axis
(bottom).

nated events &om the end caps while a cut on the radius
coordinate (r = gzs+ ys) eliminated events from the
cell walls. With the cuts from the trackiag chambers the
useable He target length was 4.5 cm which corresponds
to an areal density of 8.5 x 103o atomscm 3 (4.26 mg
cm 3) for phase one or 1.25 x 103~ atoms cm 3 for phase
two.

Since events were only accepted for a limited value of
the radius, which is smaller than the radius constraint
of scintillator B1, the total number of beam particles
measured by B1had to be adjusted. This was done using
data taken with the CH2 target. Using this method it was
found that at least 85'Fo of the beam incident on Bl was
within an acceptable radius &om the beam axis.

B. The focal plane momentum calibration

The two MWPC's (FWC1 and FWC2) located be-
tween the target and the. spectrometer together with two
additional chambers (WC3 and WC4) located at the back
plane of the spectrometer allowed the focal plane of the
dipole to be determined. An outline of the focal plane
geometry is presented in Fig. 6. In terms of the wire
chamber coordinates X3 and X4 which are the horizon-
tal coordinates for WCS and WC4 of Fig. 2, the raw focal
plane position X~ is defined as

where the distance from the focal plane to the mid-point
of WC3, F, and the slope of the focal plane relative
to WC3, b, were determined using C elastic scatter-
ing data taken at three magnetic field settings. For the
QQD with no quadrupoles the values of these parameters
are F = 234 mm and 8 = —60.2'. The focal plane exists
only for scattered pious which come &om a point source
(a thin target) aad exhibit negligible momentum spread
over the range of scattering angles accepted by the spec-
trometer. The pions scattered &om He however, have
a significant momentum spread over the 7' horizontal
(8) and 3' vertical (P) acceptaace. This dependeace is
corrected for up to second order in 8 and, only in second
order ia P, since the range of P is centered on 0. A cor-
rection was also made for the target position V, at which
the pion originated. The corrected focal plane coordinate
was parametrized as

PCXF = A8+ B8'+ Cp'+ DV„

where the parameters A—D were determined empirically.
Elastic m-P scattering was then measured at several

angles &om 50 to 110 to provide both a momentum
calibration of the focal plane and an acceptance versus
Xy profile. The momentum calibration assumes that the
focal plane coordinate is linear in momentum, i.e., p =
AX~+ B. The acceptance scan is used for normalization
of the He cross sections and is discussed in the following
section.

C. QC}D acceptance correction

The acceptance correction applied to our data was ob-
tained by measuring vr-p elastic scattering cross sections
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at several points across the focal plane and comparing
them to previous more accurate data. Since the He an-
gular distributions were obtained at a single magnetic
field setting, the elastic peaks for different angles also oc-
cur at different points on the focal plane. The m-p cross
sections used for comparison come &om the Amdt phase
shift solution SM90. A quadratic function was fitted to
these acceptance data, and was used to define an accep-
tance correction for any focal plane position X~. The
relative acceptance is shown as a function of focal plane
position in Fig. 7 where the arrows indicate the range of
X~ spanned by the He data.

The 7r -p cross sections were too small to allow a statis-
tically significant acceptance scan to be obtained during
the course of the experiment. Instead, a single normaliza-
tion factor between 7r+ and 7r scattering was obtained
by comparing measured vr - C and 7r+- C cross sec-
tions at one angle and renormalizing the x+-p acceptance
curve accordingly.

D. Calculation of the cross section
and spin observables

The differential cross section for scattering can be writ-
ten

do

dO

N, A 1

N, N r AO' (2)

where tt is the computer livetime which was typically
about 0.85, A, is the acceptance or "normalization" cor-
rection, and e is the total wire chamber efficiency (typi-
cally 0.4—0.5). The fraction of events whose scattering

Q
& 0.5—

~ A

Q

0.0
—150 —100 —50 0 50 100 150

FIG. 7. The QQD acceptance as a function of the focal
plane position.

where N, is the number of incident particles, A is the
atomic weight of the target nuclei, N is Avogadro's num-
ber, and 7 is the areal density of the target. The accepted
solid angle, AO, is determined by software cuts on the
horizontal and vertical scattering angles. The true num-
ber of scattered particles is inferred &om the actual mea-
sured yields by

N, = Nmeas

It A, e M, Sf 8'

vertex could be located to within +2 mm, M„accounts
for losses due to multiple scattering. There is additionally
the constraint that the vertical (nonbend plane) scatter-
ing angles for pions entering the QQD and those exiting
the QQD be approximately the same. The pion survival
&action over the 1.6 m flight path &om FWC2 to WC4 is
Sy. For pions scattered &om hydrogen at an angle of 50'
the time of Bight over this distance is about 4.8x10 s
(in the pion frame). The pion mean lifetime w = 26 ns
implies a pion survival &action e ~ = 0.83. It ls as-
sumed that all pions which decay prior to FWC2 will be
eliminated by the traceback, and those which decay after
WC4 will still be detected in the scintillators. Some pion
decays will be accounted for in the multiple scattering
corrections. The loss of beam flux due to the constraint
on the radius coordinate is compensated by the factor B.

Only statistical uncertainties are assumed for the live-
time, efEciency, and the multiple scattering corrections.
They are typically small and amount to 1%. A sys-
tematic uncertainty of +8% for the pion survival frac-
tion was estimated &om the difference between the flight
time from FWC2 to WC4 and that from the target to
WC4. The uncertainty in the CH2 areal density which
is included in the error estimate of the C and H cross
sections is about 2%. The statistical uncertainties for the
CHz measurements are typically about 5'%. The overall
uncertainty in the measurement of the C and H cross
sections, including a 4% uncertainty in the solid angle 0,
is then typically 10—11 %%uo.

Determination of the a+-p cross sections at angles
where the scattered pion momentum is close to the cen-
tral momentum of the QQD yields values which agree
with the SM90 phase shifts to within the above uncer-
tainty. The vr — He cross sections are multiplied by fac-
tors asMso/o, , which vary from 1.09 to 1.25 over the
angular range of the He data. The uncertainty adopted
for the He normalization factor has a component from
the uncertainty in the SM90 phase shift solution ( 6%)
and one from the uncertainty in the measured C and
hydrogen cross sections, 10%. An uncertainty of 12/0
was therefore adopted as the acceptance correction factor
for the He cross sections. This is given as the systematic
uncertainty in the He cross section in Tables I and II.

Normalized yield spectra for target spins up (ot), down
(o'g), and the difference taken at Hi b = 80' are shown in
Fig. 8. In extracting the counts contained in the peaks,
two different background shapes were assumed for the re-
gion of the elastic peak, a constant flat background and
a linear background with a small slope. The system-
atic uncertainties for A„quoted in the tables include the
uncertainty in the He polarization given above as well
as an estimate of the consistency of the two background
subtraction methods. Since the ratio of peak counts to
background counts is large, this contribution to the sys-
tematic uncertainty is typically much less than that due
to the uncertainty in the target polarization. The tar-
get polarization labels (g and $) refer to a coordinate
system in which the scattered pions are detected on the
left side of the beam. The difference spectrum shown in
Fig. 8 (bottom frame) is proportional to analyzing power
multiplied by the unpolarized cross section
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bles I and II with the first error arising from counting
statistics and the second &om systematic uncertainties.

IV. DISCUSSION

Measured angular distributions of do'/dO and A„ for
sr+- He elastic scattering at 100 MeV are presented in
Table I and are shown in Fig. 9 along with accurate
cross section data of Kallne et al. [14]. The error bars
shown represent the statistical uncertainties only. The
data points at 60' and 100' are from Ref. [18]. The 80'
point is the average of the values obtained &om phase
one [18] and phase two. In Fig. 9 the data are compared
to the full DWIA calculation of Ref. [9] (solid curve), the
DWIA calculation with only the S-state component of
the sHe wave function included (dashed line), and the
same calculation with the full He wave function and a
p2 term in the optical potential (dotted line). The p2

term is included to account for true pion absorption and
second-order effects. The similarity between the solid
and dashed curves of Fig. 9 (top frame) indicates that
the asymmetry is insensitive to 3He nuclear structure de-
tails. This feature is not unexpected since the 3He form
factor cancels out of the asymmetry in the simple PWIA
model [19] which is described below for the case of 7r

He elastic scattering. The attempt to include absorption
also yields little change &om the first-order DWIA pre-

1 og —pg

Pt ET' + og
(4)

1.0

therefore the asymmetry in the elastic peak is definitely
large and the background is either unpolarized or has an
analyzing power of approximately zero.

The data were obtained in 3—4 h sets with polarization
measurements immediately prior to and after each set.
The polarization value used for a particular data set was
the average of these two values and only data sets with an
average polarization of 0.4 or larger were analyzed. Also,
the data sets during which a large () 10%) decrease in
the polarization was observed (see Fig. 3) were not used,
since the polarization loss may have occurred suddenly
at any point during the run or it may have been constant
throughout the run. The additional uncertainty in these
cases would be one-half of the difFerence in the polariza-
tion values. The polarization was reversed every 12 h.
Therefore several data sets were obtained for each angle
and polarization state. This results in an overdetermined
set of equations &om which the asymmetry and cross sec-
tion were extracted by a least squares minimization of the
function

~. [o; —0. (1+A„Pt, )]
(& ')'
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Here, o and o. are the measured polarized and unpolar-
ized cross sections, respectively, Pz is the target polar-
ization, A~ is the analyzing power, and the sum is over
individual data sets i. The results are presented in Ta-

FIG. 9. A„(top) and cross section (bottom) angular dis-
tributions for the sr+- He elastic scattering at 100 MeV. The
data are compared to three full nonlocal DWIA calculations
using Faddeev wave functions for He.
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diction and, in fact, results in worse agreement with the
data. This is an indication that the current method of
incorporating second-order e6'ects via the p term, which
was developed for heavy nuclei, is perhaps not appropri-
ate for He. From comparisons of the data set of phase
one to the full DWIA calculation and the simple PWIA
calculation [18,19] it was determined that multiple scat-
tering eH'ects were important in m+-3He scattering at 100
MeV. The DWIA calculation yielded significantly better
agreexnent with that data, especially at the largest an-
gle. With the new data points, it is clear that the DWIA
calculation still underestimates the asymmetry at large
angles.

The boost needed to bring the theoretical asymmetry
up to the level of the data at large angles is similar in
magnitude to the level of improvement obtained with the
DWIA model including the full Faddeev wave function
relative to the PWIA model. The difference between the
two calculations occurs mainly in the imaginary part of
the spin-Hip amplitude [19]. In fact, the full DWIA cal-
culation gives an enhancement of a factor of 2—3 in the
spin-Hip amplitude relative to the PWIA model. This
enhancement also has a large eKect on the cross section
in the region of the cross section xninimum (where the
spin-Hip amplitude is large) providing a factor of 1.7
increase in 0.. This enhancement is still not sufEcient to
bring the theory up to the level of the data however.

In Fig. 10 we compare our measured angular distribu-
tions of do/dQ and A„ for vr -sHe elastic scattering at
100 MeV with the DWIA calculation mentioned above
(solid line), and two simple PWIA calculations which are
outlined below. In the PWIA model of Ref. [19], the
non-spin-Hip (F) and spin-Hip (G) amplitudes for 7r

He scattering are given by

F = (2f „+f -„)-Fg o(Q ),
G—= g — Fz=x(Q'),

(6)

(7)

F" = f „Fg p(Q'),

G" = g -„Fg—x(Q ). (9)

This calculation [22] is plotted as the dotted line in Fig.
10.

In general the asymmetries here are almost a factor
of 2 smaller than for m+ scattering and greatly resemble
the asyrnmetries for vr -n scattering near the cross sec-
tion minimum where the spin-Hip amplitude is dominant.
Recalling the expression A„:—2[F~ kG~sin(b, 8)/0 where
a = ~F~ + ~G~2 it is evident that the spin-flip and non-

where f ~„are th-e elexnentary xr -N amplitudes

[21] and it is assumed that Fg o(Q ) = Fg x(Q )—
exp( —ro2Q2/6). The value assumed for ro was 1.65 fm.
This model is represented by the dashed line of Fig. 10.
Since the cross section for vr -n scattering is about six
times larger than that for vr -p scattering (at 80' c.m. ) it
may also be a reasonable approximation to assume that
the asymmetry is due only to scattering &om the neu-
tron, i.e.,
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FIG. 10. A„(top) and cross section (bottom) angular dis-
tributions for x - He elastic scattering at 100 MeV. The data
are compared to a full DWIA calculation (solid curve) and the
two PWIA models (dashed and dotted curves) outlined in the
main text.

V. CONCLUSION

In summary, we have presented measurements of ~ and

A„ in elastic scattering of both x+ and m from polar-
ized He. The measured asymmetries are large near the

spin-Hip amplitudes must be of roughly equal magnitude
and must interfere constructively in order for the result-
ing asymmetry to approach unity. This was clearly the
case for or+- He scattering near 0, = 80 . In the case
of x -3He scattering however, the elementary x -n spin-
Hip amplitude is much larger in the region of the cross
section minimum (g -„=3g +„), therefore the equal-
ity criterion is not as well satisfied and the asymmetry is
reduced.

In general, agreement between theory and data is bet-
ter for x scattering than for x+ scattering for both 0.

and A„. There is still an indication that the DWIA cal-
culation underpredicts the asymmetry at large angles al-

though the theory is just within one standard deviation
of the data. Cross sections are well predicted by theory in
this case even in the region of the cross section minimum.
This is likely due to the fact that a single elementary am-
plitude (g — ) is dominant here. Also, since there is only
one neutron, the importance of multiple scattering ef-
fects should be reduced in this region relative to m+- He
scattering.
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cross section minima ( 70'—80') and the angular dis-
tributions are in qualitative agreement with the theory.
The asymmetry measured in vr scattering is about half
as large as in the x+ case and is also in fair agreement
with theoretical calculations.

In elastic sr+- He scattering at 100 MeV the asymme-
tries show a distinct lack of sensitivity to nuclear struc-
ture details. Sensitivity to the reaction mechanism is in-
dicated in the improved agreement between theory and
data obtained when multiple scattering is included in the
reaction model. However, the full DWIA calculation still
underpredicts the asymmetry at backward angles, most
noticeably for x+- He scattering. The discrepancies be-
tween the DWIA predictions and the data, both in the
asymmetry at backward angles and in the cross section
near the minimum, are indications that the spin-Hip am-
plitude is not being calculated well enough. The current
method of modeling true pion absorption and second-
order effects in the DWIA calculation results in a larger
discrepancy between the theoretical calculation and the
data although the effect is very small at backward angles.

In the case of x scattering, both the cross section
and the asymmetry are insensitive to the reaction model
in the region of the cross section minimum where the
spin-Hip amplitude for scattering &om the lone neutron

is dominant. The asymmetry does provide some sensi-
tivity at large angles where the full nonlocal DWIA cal-
culation seems generally lower than the data as was the
case for vr+- He scattering but with a reduced level of
significance. Together, the cross section and asymme-
try measurements provide complementary information
on the spin-Hip amplitude and yield sensitivity to the
reaction model over a wide range of scattering angles.

At energies above the 6 resonance the model depen-
dence of the asymmetry is greatly enhanced. The full
calculation of Ref. [9] predicts a dramatic sign reversal
for the analyzing power in this energy region whereas
the simple model described in Sec. IV predicts that the
asymmetry remains large and positive. The exact en-

ergy at which the asymmetry changes sign is also very
sensitive to the inclusion of a true pion absorption term
[19]. Measurements of the analyzing power at higher en-
ergies will therefore provide extremely sensitive tests of
the x- He reaction mechanism. An experiment which
will measure the analyzing power in pion elastic scatter-
ing Rom polarized 3He at energies above 100 MeV has
recently been completed at LAMPF [23].
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