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Measurements of asymmetries of pion single charge exchange on polarized3He at 200 MeV
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Asymmetries for the (p2,p0) reaction on polarized3He were measured using a 200-MeV pion beam at
LAMPF. Thep0’s were detected with the neutral meson spectrometer in coincidence with the recoiling tritons.
A recoil triton detector, consisting of scintillation-counter telescopes and a wire chamber, was used to measure
the time-of-flight, energy loss, and direction of the tritons. The polarized gaseous3He target, developed at
TRIUMF, was modified to run with two diode lasers; the polarization reached 65%. The asymmetries between
u lab560° and 105° were found to be strongly angle dependent. The results are compared with theoretical
calculations.@S0556-2813~99!02208-6#
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I. INTRODUCTION

This experiment is part of a series of measurements of
asymmetriesAy of pion scattering from polarized3He in the
energy region of theD(1232) resonance. Earlier measur
ments ofAy include p6 elastic scattering at 100 MeV ca
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ried out at TRIUMF@1,2#. At LAMPF, asymmetry data were
taken for p1 elastic scattering at 142, 180, and 256 Me
@3,4#, and forp2 elastic scattering at 180 MeV@4#. Here we
report on the results of measurements ofAy for the (p2,p0)
single charge exchange reaction on polarized3He at 200
MeV.

The original motivation for these measurements ca
from the results of experiments involving pion scatteri
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from polarized 15N @5,6# and 13C @7–10#, both nuclei with
spin and isospin 1/2. Whereas the experiments found s
Ay , theory@11,12# predicts large values. The failure of the
oretical calculations to reproduce the experimentalAy indi-
cates that either thep-nucleus reaction mechanism is n
adequately understood, or that the nuclear wave function
13C and 15N are not sufficiently well known, or both. There
fore it was decided to conductAy measurements on a nucleu
with well-understood nuclear structure, such as3He.

3He is one of the simplest nuclei with spin and isosp
1/2. Reliable3He wave functions have been derived by Fa
deev calculations@13–15#. Its ground state containsS, S8,
and D components. The predominate one is theS state
(;90%) with the spin-up and the spin-down proton coup
to spin zero and the neutron carrying the nuclear spin. In
S8 state (;2%), theproton and neutron couple to form
quasideuteron, with the other proton having a spin in
opposite direction. In theD state (;9%), all thenucleons
~protons and neutron! have the same spin direction, oriente
opposite to the3He orbital angular momentumL52.

The experiments with polarized3He were possible be
cause of the development at TRIUMF of high-density g
eous polarized3He targets that employ optical pumpin
@16#. The first experiments carried out at TRIUMF with the
targets at 100 MeV found large asymmetries near the cr
section minima (;70° –80°), withAy values forp2 about
half as large as those forp1. These results were in fai
agreement with theoretical calculations@2,16,17# which gave
good agreement with the experimental differential cross s
tions.

Theory indicated little dependence on the reaction mo
at this energy but predicted thatAy should become increas
ingly sensitive to the details of the reaction model as p
energies pass through theD(1232) resonance@17,18#. This
expectation, namely, that experiments at higher ener
should give more information about the spin-dependent p
of the pion-nucleus interaction, was the principal motivati
for the measurements at LAMPF.

The asymmetries forp1 elastic scattering, measured
142, 180, and 256 MeV@3,4#, were found to differ from
conventional pion-nucleus interaction predictions. In orde
improve the agreement between experiment and theor
was found necessary to include a large second-order co
bution to the spin-dependent scattering amplitude
p1-3He scattering which corresponds to aD-neutron spin-
spin interaction@3,4#. This amplitude is unimportant for elas
tic p2 scattering and indeed, neither experiment nor the
exhibits the large negativeAy near 60° which are characte
istic for p1 elastic scattering atD-resonance energies. How
ever, the predictions ofAy for p2 were found to be a facto
of two too small@4#.

The experiment described here was carried out to ga
further information on the spin dependence of thep-3He
interaction. In contrast to pion elastic scattering, in which
pion interacts with all three nucleons but the spin dep
dence comes principally from the interaction with the ne
tron, the spin dependence of the charge exchange rea
principally involves an interaction with the proton who
02400
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spin is opposite to that of the3He nucleus, as we explain
below.

The experiment was performed in the P3-West channel of
LAMPF with a modified TRIUMF3He target system which
used newly-developed diode-laser optical pumping. T
p0’s were detected with the new neutral meson spectrom
~NMS! in coincidence with the recoil triton in a recoil trito
detector~RTD!. The incident pion energy was 200 MeV
near theD(1232) resonance.

Section II presents a theoretical description of the pio
nucleus interaction. Section III gives details of the expe
ment, and Sec. IV describes the data analysis. Sectio
presents the results and a comparison with theoretical ca
lations, and Sec. VI is a summary.

II. ASYMMETRY CALCULATIONS

The p-spin-12 nucleus interaction can be expressed
terms of the amplitudeF(k8,k)5F(u), wherek andk8 rep-
resent the initial and final momenta of the pion, respective
in the center of mass~c.m.! frame,

F~u!5 f ~u!1 ih~u!s•n. ~1!

Here, f (u) is the spin-independent amplitude,h(u) is the
spin-dependent amplitude, andn5(k3k8)/uk3k8u is a unit
vector normal to the scattering plane. The amplitudes,f (u)
andg(u), can be expanded as

f ~u!5( @~ l 11! f l 11 l f l 2#Pl~cosu! ~2!

and

h~u!5( ~ f l 12 f l 2!Pl8~cosu!, ~3!

wheref l 1 and f l 2 are the partial-wave scattering amplitud
for j 5 l 1 1

2 and j 5 l 2 1
2 , respectively.

The crosssection for scattering from a 100%-polariz
target can be written in terms of these amplitudes as

S ds

dV D
6

5^k8u@ f * ~u!7 ih* ~u!s•n#@ f ~u!6 ih~u!s•n#uk&

5u f ~u!u21uh~u!u26Im@ f ~u!h* ~u!#. ~4!

Here (ds/dV)1 and (ds/dV)2 denote cross sections fo
pion scattering from a target polarized parallel and antip
allel to n, respectively. The differential cross section is giv
by

ds

dV
5

1

2 F S ds

dV D
1

1S ds

dV D
2
G5u f ~u!u21uh~u!u2,

and the asymmetry~or analyzing power! is given by

Ay5
~ds/dV!12~ds/dV!2

~ds/dV!11~ds/dV!2
5

2 Im@ f ~u!h* ~u!#

u f ~u!u21uh~u!u2
. ~5!
1-2
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The cross section for pion elastic scattering from most nu
with spin 1

2 is dominated by the spin-independent amplitu
since usuallyu f (u)u2@uh(u)u2, because all of the nucleon
contribute coherently tof (u), whereas only one nucleon~the
unpaired one! contributes toh(u). Although this effect is
smaller in the three-nucleon system than in heavier nucle
still acts to reduce the sensitivity of the differential cro
section to the spin-dependent amplitude. We see from Eq~5!
that Ay is an observable which is sensitive to theh(u) am-
plitude.

The calculation of thep2-3He single charge exchang
reaction presented here was made with the distorted w
impulse approximation~DWIA !. In this approximation the
amplitude for thep2 charge exchange reactionFi f is given
by

Fi f 5^x f
(2)u^C f utcxuC i&ux i

(1)&, ~6!

whereuC i& and uC f& are the initial and final nuclear state
andx i

(1) andx f
(2) correspond to the distorted waves of t

incomingp2 and outgoingp0, respectively.
The pion-nucleon charge exchange operatortcx represents

~in principle! reactions taking place on both protons. Ho
ever, the charge exchange can take place on only one o
protons if the ground state of3He is assumed to be a pureS
state. If we choose the axis of quantization along the dir
tion perpendicular to the scattering plane, the only spin
erator active issz, so that there is no spin flip~change of
spin projection! for either the nucleon or the nucleus. In o
der for the final neutron, which corresponds to the init
proton on which charge exchange takes place, to be pa
with the other~untouched! neutron to give spin zero for th
pair, the charge exchange must take place on the proton
spin opposite to that of the initial3He nucleus. Hence, with
out any distortion of the incident and final waves, the asy
metry would be expected to be just the free charge excha
asymmetry with the opposite sign. Indeed, this is the cas
the forward angles, not only for the calculations presen
here, but for those of Kamalovet al. @17# as well, as we shal
see later.

In the DWIA calculation the initial and final pion dis
torted wave must be calculated for use in Eq.~6!. This is
done by solving a truncated Klein-Gordon equation with
optical potential for the interaction of a pion with a neutr
or proton in momentum space being written as@19–21#

V~q,q8!5@b0v0~q!v0~q8!1b1q•q8v1~q!v1~q8!#

3r~ uq2q8u!, ~7!

whereb0 andb1 are written~explicitly for a p2 in terms of
the p-nucleon phase shiftsd2I ,2J) as

b0
(n)5

4psk2

m2kL
3

S31, ~8!

b0
(p)5

4psk2

m2kL
3

@2S111S31#

3
, ~9!
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b1
(n)5

4ps

m2kL
2 @2P331P31#, ~10!

b1
(p)5

4ps

m2kL
2

@2P331P3114P1312P11#

3
, ~11!

wheres is the square of thepN center of mass energy,m is
the mass of the nucleon, and

S2I ,2J ,P2I ,2J5
e2id2I ,2J21

2i
. ~12!

Similar expressions hold for the final neutral pion. The pio
nucleon form factors are taken to be

v0,15
a0,1

2 1k2

a0,1
2 1q2

, ~13!

wherea0,15600 MeV/c. Finally, r(uq2q8u) is the Fourier
transform of the densityr(r ) of the neutron or proton, nor
malized to 4p.

The nonlocal potentialV(r ,r 8) is the Fourier transform of
V(q,q8):

V~r ,r 8!5
1

~2p!6E dqdq8V~q,q8!e2 iq•reiq8•r8 ~14!

5( Yl
m~ r̂ !Yl

m* ~ r̂ 8!Vl~r ,r 8!. ~15!

The distorted wave function can be expanded as

x~k,r !54p (
l ,m52 l

l

i lYl
m* ~ r̂ !Yl

m~ k̂!
Ul~r !

r
, ~16!

whereUl(r ) is the wave function of the partial wavel ob-
tained by solving the truncated Klein-Gordon equation

Ul9~r !1
l ~ l 11!

r 2
Ul~r !2E

0

`

dr8W~r ,r 8!Ul~r 8!1k2Ul~r !

1 ib2r~r !Ul~r !50, ~17!

with

W~r ,r 8![2vrVl~r ,r 8!r 8.

Herev is the pion energy andb2 is a coefficient representing
the true absorption of the pion.

We take a finite-range representation of the charge
change operatortcx as

tcx~E,q,q8!5l0~E!v0~q!v0~q8!1l1~E!q•q8v1~q!v1~q8!

1l f~E!s•q3q8v1~q!v1~q8!. ~18!

The complex amplitudesl0(E), l1(E), and l f(E) corre-
spond to thes-wave,p-wave, and spin-flip amplitudes in th
pion-nucleon charge exchange, respectively. They are ca
1-3
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Q. ZHAO et al. PHYSICAL REVIEW C 60 024001
lated from free pion-nucleon phase shifts. For pion kine
energies around 200 MeV, thel 50 and l 51 partial waves
are adequate to describe the pion-nucleon interaction. Pa
eters corresponding to an energy shift (Eshift), the angle
transform (Xat), and true absorption (b2) are treated as ad
justable in the calculation. Estimates of these quantities
be made@19#.

III. THE EXPERIMENT

The experiment was carried out at the Clinton P. And
son Meson Physics Facility~LAMPF!. The polarized3He
target apparatus was a modified version of the high-den
optically pumped system developed at TRIUMF@1#. The
neutral meson spectrometer~NMS! developed at LAMPF
was used for thep0 detection, and a recoil triton detecto
~RTD! was used to detect the recoiling tritons in coin
dence. A sketch of the experimental setup is shown in Fig

A. The polarized 3He target

A newly developed optical pumping system utilizing d
ode lasers was used with a version of the TRIUMF3He
target system@22#. The 3He gas, some nitrogen, and a sm
amount of rubidium were contained in a spherical glass
of diameter 3.5 cm, made of Corning 1720 glass. The thi
ness of the glass wall was about 110mm.

The 3He target setup included the NMR system, Hel
holtz coils that provided a holding field of variable directio
a target heating system, a diode laser, temperature co
and cooling system, and a mechanical support for the ta
cell. The latter consisted of a VESPEL frame inside an ov
surrounding the target. Since the Rb inside the target ce
solid at room temperature, it must be heated so that som
it evaporates. This was accomplished by the target he
that raised the target temperature to;170 °C.

FIG. 1. Top view of the experimental setup.
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3He polarization was achieved through the contact hyp
fine interaction between the nuclear spin of the3He and the
atomic spin of the alkali~Rb!, which was polarized by the
optical pumping process. At a pressure of;5 atm, a vol-
ume;20 cm3 and temperature of 170 °C, the3He number
density was;1020 nuclei/cm3. The partial pressure of N2 ,
needed as a buffer gas, was about 100 Torr.

The diode lasers, supplied by Optopower, generated l
of wave lengthl5794.5 nm for pumping the Rb atom
from the s1/2 state to thep1/2 state. The width of the light
spectrum wasDl51.60 nm~FWHM! which corresponds to
a frequency range ofDn5475 GHz~FWHM!. This is much
larger than the nuclear spin hyperfine splitting of 3.036 G
for 85Rb and 6.868 GHz for87Rb. The diode laser tempera
ture and output light wavelength were controlled by a co
ing system. Its temperature was adjusted to stabilize
wavelength of the laser light. Laser diodes are considera
less expensive and more reliable than the combination
Argon and Ti:Sapphire lasers@1# that were used with the
original TRIUMF target system.

A sketch of the optical system is shown in Fig. 2. Tw
diode lasers produced beams of linearly polarized light of
W total power. The two beams were focused, one of th
was passed through a prism, and the other was reflecte
that prism. The joint beam then went through a quarter-w
plate which changed the linear polarization of the light
circular polarization. Finally, the beam passed through
group of lenses, and a single parallel beam intersected

FIG. 2. Schematic diagram of the diode laser optical pump
system.
1-4
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MEASUREMENTS OF ASYMMETRIES OF PION SINGLE . . . PHYSICAL REVIEW C60 024001
3He target cell for optical pumping.
A diagram of some of the hardware of the3He target

system is presented in Fig. 3. The3He target cell was located
in the center of the Helmholtz coils. There were two pairs
orthogonally oriented Helmholtz coils, one mounted with t
symmetry axis oriented to provide a vertical magnetic fi
~about 2.4 mT! and the other mounted with the coils in th
horizontal direction. Together the two sets of coils cou
provide a holding field in any direction.

The 3He spin direction was flipped every 10 min durin
data acquisition. The spin flip was controlled by the adiaba
spin rotator~ASR! developed at TRIUMF@1,22#. Whenever
a run was started, a subprocess for spin flip was begun in
computer. For a spin flip, the computer issued command
trigger the CAMAC modules to operate the motor that
tated thel/4 wave plate either clockwise or countercloc
wise. At the same time, the direction of the magnetic~hold-
ing! field was being changed. The spin direction w
recorded for all events.

The polarization was measured using the method
scribed in Ref.@1#, with the absolute value found by a com
parison of the NMR signal induced by the3He to that from
a water sample of similar geometry. It was measured ev
12 h. The maximum polarization was 65%, and the aver
polarization during data taking was about 40%.

B. The pion beam

The pion beam was produced at the LAMPF linear acc
erator, which provided a proton beam of energy up to 8
MeV and intensity up to 1 mA. The beam had a time ma
rostructure of 120 Hz with a typical pulse length
500 msec. It passed through a switchyard into area A, wh
secondary beams were produced. The west area of the h
energy pion channel (P3) was used for this experiment.

A calculation withTRANSPORT ~a computer program fo
designing a charged particle beam transport system! was car-
ried out to design the beam optics for this experiment.
extra pair of quadrupoles was placed inside the P3-west cave
for additional focusing needs.

An ion chamber~IC!, located at the end of the P3-west
beam pipe, was used to monitor the beam flux entering
target and to provide relative normalizations between s
states. Typical beam fluxes were 107p/sec. An undispersed

FIG. 3. The polarized3He target system.
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beam tune was applied, resulting in a beam spot at the ta
that was approximately circular, with an estimated 98%
the beam inside a diameter of about 3.5 cm, the diamete
the 3He target cell. The momentum spread in the beam w
2%, or about 6 MeV/c. Effects due to the shifting of the
position of the beam spot on the target with changes in
spin state were negligible.

C. Neutral meson spectrometer„NMS…

The neutral meson spectrometer~NMS! @23# is a new
generationp0 detector, designed and constructed at LAMP
to detectp0’s with good energy resolution and large acce
tance. Thep0 is short-lived (t58310217 sec) and decays
electromagnetically into two photons with a 98.8% branc
ing ratio. The two decay photons are detected in coincide
in the two separate arms of the NMS~see Fig. 1!.

Normally, each arm uses an array of plastic scintillators
charged-particle veto detectors, followed by three sets of
BGO detectors, forming three converter planes on each a
In any of the BGO’s an electromagnetic shower can be
tiated by a photon from thep0 decay. Wire chambers, lo
cated behind the BGO counters, are used to trace the sh
back to the photon conversion point in the BGO crystal,
a precise determination of the angle between the direct
of the two photons. Finally, two calorimeters, consisting
60 CsI crystals each, measure most of the energies,E1 and
E2, of the two photons that created the shower~with some
energy deposited in the BGO’s!. The uncertainty in the mea
surement ofE1 and E2 is about 6 to 8%, so that their sum
would give only an inaccurate measurement of thep0’s en-
ergy.

However, from the measurement of the photon convers
points and the position of the reaction vertex~the target!, the
opening angleh ~the angle between the two photons! can be
obtained and thep0 energy can then be calculated to high
precision than possible by calorimetry alone. In terms of t
variables, the energy-sharing parameterx,

x5
E12E2

E11E2
, ~19!

and the opening angleh, the total energyEp0 of the p0 is
given by

Ep05mp0F 2

~12cosh!~12x2!
G 1/2

. ~20!

Thus, thep0 energy resolution is determined by the a
curacy to whichx and h can be measured. By limiting th
values ofx to small values less thanxcut50.1 or 0.2, the
effect of the relatively poor calorimetry on thep0 resolution
can be reduced considerably. By choosingxcut appropriately,
dx ~the error in thex measurement from calorimetry! can be
made to contribute todEp0 ~the error in the energy measure
ment! an amount comparable to or smaller than that from
error in the angle measurement. Therefore, a very accu
1-5
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Q. ZHAO et al. PHYSICAL REVIEW C 60 024001
measurement ofh can give very good energy resolution. O
course, with decreasingx, the overall efficiency of the NMS
decreases.

The special conditions of this experiment did not allo
good energy resolution, partly because of the relatively la
target size and other effects, as we explain below. In a
tion, the reaction yield from the gaseous3He target was so
small that much was to be gained by an increase in detec
efficiency at the expense of energy resolution. Thus, th
was no point to use the converter planes and wire cham
which are essential for very accurate angle~and thus energy!
measurement but which limit the detection efficiency
about 39%~with three converter planes on each arm!. There-
fore, the BGO planes and wire chambers were removed
that photon conversion occurred only in the CsI crystals w
nearly 100% efficiency.

Each calorimeter is composed of a 6310 array of pure
CsI crystals, characterized by a short radiation length~1.8
cm! and a fast response~20 ns!. Each CsI crystal has a cros
section of 434 inches on the surface facing the target. T
rectangular cross section increases slightly along the le
of 12 inches~18 radiation lengths! to 4.234.2 inches (1°
taper!. An integral part of the crystal is a cylindrical CsI ligh
guide of 4-in. diameter and 2.5-in. length, making the co
nection between the part of the crystal of rectangular cr
section and the photomultiplier. The crystals are optica
isolated to prevent cross talk between crystals. The con
sion point was determined from the centroid of the show
that deposited energy in several CsI crystals in and aro
the crystal where the conversion occurred.

The energy deposited was assumed to be proportiona
the pulse height obtained from the photomultiplier that w
attached to the CsI crystal. Zero pulse height was assume
correspond to zero energy~no offset!. The proportionality
constant between the pulse heights and the energy depo
was obtained from the energy loss of cosmic rays in
crystals and from the energy deposited from the show
created byg ’s andp0 from reactions induced by stoppedp2

in hydrogen. The signals from cosmic rays served as a ro
energy calibration at low energy~about 55 MeV! and to
monitor changes in the gains during the experiment. Thg
rays from thep(p2,g)n reaction and theg rays from the
decay of thep0 from thep(p2,p0)n reaction were used fo
calibration at higherg energies~up to 130 MeV!. For this
purpose, a 54-MeVp2 beam was slowed down in a B
degrader and in the wall of an aluminum bottle contain
hydrogen gas at high pressure~129 atm! so that a good frac-
tion of thep2 stopped in the hydrogen gas.

For stoppedp2, the (p2,g) and (p2,p0) reactions on
hydrogen produce monoenergeticg and p0, respectively.
The singleg from the p(p2,g)n reaction calibrates the
crystals in each arm individually. The two coincidentg ’s of
total energy 137.9 MeV from the decay of the 2.9-MeVp0

from the p(p2,p0)n reaction deposit in several crystals
each arm an average energy of 1/2 of the total energy.
opening angle between the two NMS arms was set to 1
for the detection of the two coincidentg ’s.

A two-dimensional coordinate system was used for
array of 60 crystals in each crate. The coordinates of
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crystal numberi were given byxi , yi . The coordinatesxc
andyc of the conversion point of the photon in the CsI arr
were then obtained from the average of the positions of
crystals, weighted by the energy deposited in the crystals
contained parts of the shower:

xc5
( xiEi

( Ei

, yc5
( yiEi

( Ei

. ~21!

The sum was taken only over those crystals at and in
neighborhood of the shower centroid. This region was
lected with the condition that the position calculated by E
~21! was not changed significantly by the addition of t
signal from another adjacent crystal.

The uncertainty in the position of the conversion points
the twog rays from this method was much larger than wh
the BGO converters and wire chambers are used. In addi
the dimension of the target cell in the beam direction w
much larger~3.5 cm! than for the more customary sheets
solid target material. Both contributed to the uncertainty
the determination of the opening angle and thus the ene
resolution. Other contributions to the energy resolution w
the incident beam momentum spread and the energy los
the incidentp2 in the target cell walls. Therefore, the overa
p0 energy resolution was only about 20 MeV~FWHM!, as
opposed to the 1-MeV design resolution of the NMS. In sp
of this very poor energy resolution, it was possible to ta
useful asymmetry data by detecting the residual3H from the
3He(p2,p0) reaction with a triton recoil detector~RTD! in
coincidence with the NMS.~See below.!

For p0 identification with the NMS it was required tha
none of the 15 charged-particle veto scintillators in eith
arm fired, effectively removing events in which charged p
ticles were produced in the target and passed into the c
rimeter. ADC and TDC signals from the CsI crystals in bo
arms were used to remove single-photon events in which,
example, one of the decay photons from ap0 missed detec-
tion. The events that passed the veto and the coincide
test, and that were in the pion beam gate, were consid
preliminaryp0 events.

Software gates for the events that passed the hardw
gate and trigger were set forp0 identification. These con-
sisted of a gate on the total energy~the sum of the energie
E1 and E2, deposited in the two arms!, a gate on thep0

invariant mass, and a gate on the time difference between
detection of the two photons. Since, depending on the re
tion angle and desired range of excitation energies in3H ~0
to about 20 MeV!, the total energy of thep0 ranged from
about 150 to about 335 MeV at the incident energy of 2
MeV, a gate on the total energy was set from 150 to 3
MeV.

In terms of the four-momentum, or the total energyEp0

and the three-momentumpp0, the square of thep0 invariant
mass is given by

mp0
2

5Pp0mPp0
m

5Ep0
2

2pp0
2 , ~22!
1-6
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or equivalently by@see Eq.~20!#

mp0
2

5Ep0
2

@~12cosh!~12x2!/2#. ~23!

Using the energiesE1 andE2 deposited in the CsI crystal
to calculate the total energyEp0 and the energy-sharing pa
rameterx, and the positions of the target and the convers
points to determine the opening angleh, an invariant mass
was calculated with Eq.~23! for all p0 events. This resulted
in an invariant mass spectrum that had a prominent pe
about 18 MeV ~FWHM! wide centered at 135 MeV, th
mass of thep0. A gate of 50 MeV width was placed on thi
peak.

We also created a spectrum of the differences of the
rival times of the twog ’s at the two arms. A time gate of 1
ns width was placed on a strong peak of width 5.7
~FWHM! centered at 0 ns. This gate reduced background
excluding a large fraction of coincidences betweeng ’s from
two differentp0.

D. Recoil triton detector „RTD…

The 3H were detected by the recoil triton detector~RTD!
that was specifically developed for this experiment~Fig. 1!.
The tritons were identified by energy losses, time-of-flig
~TOF!, and fast-particle vetoes.

The RTD consisted of four layers. The first layer was
wire chamber which recorded the recoil particle’s position
it entered the RTD, which in turn gave the triton’s emissi
angle. Layers two to four consisted of pairs of scintillati
detectors~Fig. 1!. The scintillators TS1A, TS1B, TS2A, an
TS2B were used to measure the energy losses. TS1A
TS1B were 1.6 mm thick and recorded an energy lossDE.
TS2A and TS2B were chosen to be 6.3 mm thick so that
tritons would definitely be stopped. They recorded the
sidual energyE of stopping particles or the energy loss
passing particles.

Most tritons from the charge exchange on the polariz
3He would stop in TS2A or TS2B. However, due to ener
straggling in the various materials between the reaction
tex and the RTD, some tritons stopped in TS1A and TS
The last layer of scintillators, TS3A and TS3B, were used
veto fast charged particles such as electrons, pions, pro
and deuterons that penetrated the first two layers of sci
lators. The residual nuclei from the charge exchange on
Al, Si, and O in the glass walls of the target stopped eithe
the cell’s glass or in the air~before they reached the RTD!
because of their low energies.

The operation of the scintillators TS1A, TS1B, TS2A, a
TS2B to detectDE and E of the tritons was tested using
beam of 525 MeV/c momentum, originating at the pion
production target. This beam contained a contamination
tritons, presumably from (p,p8t) and (p,t) reactions on the
production target. It was directed at the RTD that had b
placed at 0°. The kinetic energy of the tritons was 40 Me
somewhat larger than the triton recoil energies of 32.5 M
and 22.8 MeV, respectively, from the3He(p2,p0) reaction
at the two angle settings of the RTD in this experiment (4
and 50°).
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Note that we chose 200 MeV for the incident ener
rather than 180 MeV, where theAy for p1 and p2 elastic
scattering had been measured, because the recoil energ
180 MeV incident energy would have been smaller and
detection of the tritons would have been more difficult. Fo
tunately, at 200 MeV, differential cross section data exist
the single charge exchange reaction@24,25#. No attempt was
made to remeasure cross sections in the present study
cause of the difficulty in calculating the absolute efficien
of the NMS-RTD system to the needed accuracy. Of cou
the absolute efficiency is not needed for a measuremen
asymmetries.

The TDC information from TS1A and TS1B was used f
additional 3H identification by time-of-flight ~TOF!. We
used a start signal from thep0 event in the NMS and a stop
signal from the RTD to create a TOF spectrum. A partic
identification box was then placed on two-dimensional h
tograms of the energy loss in TS1A and TS1B versus
particles’ TOF. The time scale of the TOF spectrum w
calibrated by the reaction2H(p1,p0)2p at an incident en-
ergy where the protons have velocities equivalent to tha
the tritons from the3He(p1,p0)3H reaction.

The RTD effectively removed background from reactio
that produce ap0 in coincidence with charged particles oth
than tritons. For example, the quasifree charge exchange
action 3He(p2,p0;n)2H contributes events to thep0 spec-
tra starting at a missing mass of about 9 MeV, which are t
not resolved from the transition to the ground state of3H
with our 20-MeV~FWHM! resolution. The veto scintillators
and the coincidence requirement with a recoiling~bound!
triton eliminated manyp0 that were correlated with the deu
terons from the triton continuum.

However, there were tritons in coincidence withp0 from
three-body reactions on the nuclei in the target cell gl
which had to be eliminated as much as possible. Whereas
particles from the two-body final state of the3He(p2,p0)3H
reaction are coplanar, only relatively few correlatedp0-triton
pairs from a three-body reaction are coplanar. Thus, we u
the triton angles obtained from the RTD wire chamber
reduce the number of background tritons~and other par-
ticles! from reactions such as28Si(p2,p0t)25Mg. For this
purpose, we extracted the azimuthal angle of both thep0

from the NMS (fp0) and the recoil particle from the RTD
wire chamber (fRTD). A software gate placed on the differ
enceDf5ufp02fRTDu around the value of 180° expecte
for a two-body final state reduced the background fro
three-body reactions on the glass. The gates were se
6100 mrad, around a peak of width 102 mrad~FWHM!
centered at 0 mrad.

E. Empty-target measurements and final spectra

Figure 4 shows thep0 missing mass spectra after sof
ware cuts forp0 identification in the NMS,3H identification
in the RTD, and kinematic coincidence between thep0 and
the triton. Although much of the background was eliminat
by these cuts and the coincidence requirement, there was
a lot of background present in the spectra, mostly from re
tions on the cell glass. For this reason, data were taken
1-7
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an empty glass cell and subtracted from the full-cell da
Because it was not possible to evacuate the3He target cell
for the empty-cell measurements, a cell of very similar
ameter and somewhat larger wall thickness (170mm) was
used. Figure 5 shows thep0 missing mass spectrum from th
empty cell target. We fitted a smooth background cu
through these data using the equation

FIG. 4. Thep0 missing mass spectra for spin-up~top! and spin-
down ~bottom! for the NMS placed at 94°.

FIG. 5. Thep0 missing mass for the events from the emp
glass cell target. The dotted line shows the fit used for backgro
subtraction.
02400
.
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e

Yb5a01a1M1a2M 21~b01b1M!e[ 2c0(M2c1)2] ,
~24!

whereM is the missing mass. The value ofx2 per degree of
freedom for the fit was 0.927.

Before subtraction from the full-cell spectra, the yie
from the empty target was multiplied by a factor that a
counted for the difference in the thickness of the glass w
of the full and empty cells and for the difference in the int
grated IC current that was proportional to the integra
beam on target.

Spin-up and spin-down spectra after subtraction of
normalized empty-target spectrum are shown in Fig. 6.
these spectra the NMS was set at 94° on one side of
incident beam and the RTD was set at 40° on the oppo
side. Spectra were also taken at one other set of conju
positions of the NMS and RTD, 75° and 50°, respective
The two settings covered an angular range for the dete
p0 from 66° to 110° in the center of mass.

F. Monte Carlo simulations

The NMS-RTD detection system was studied by Mon
Carlo simulations which were done in two parts. One p
simulated the detection of thep0 through its two-g decay
and included NMS detector geometry, event generation,
nematics, and photon-to-shower conversion and detec
The other part simulated the3H detection in the recoil triton
d

FIG. 6. Thep0 missing mass spectra for spin-up and spin-do
after background subtraction, for the NMS placed at 94°.
1-8
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detector. It included the detector geometry, the charged
ticle’s energy losses and multiple scattering while pass
through the target, air, the wire chamber, and the scinti
tors. Beam geometry was included also.

The Monte Carlo calculation for the standard NMS se
with the BGO converters and wire chambers gave a s
angle of 6 msr with both the NMS arms and the RTD a
distance of 1 m from the target, when the maximum ener
sharing parameterx was chosen to bexcut50.4. The Monte
Carlo simulation showed that the RTD was large enough
cover all triton emission angles that are correlated with
p0’s detected in the NMS.

As mentioned above, in the current experiment the acc
tance of the NMS was increased~but with loss in energy
resolution! by removing the BGO converters and wire cha
bers so that the opening angles had to be deduced from
locations of the CsI and the energies deposited in the
crystals. The Monte Carlo calculations for this configurati
and the samexcut and NMS and RTD settings gave an over
acceptance of about 15 msr for detecting ap0-triton coinci-
dence, an increase by a factor of 2.5 as compared with
standard NMS setup.

IV. THE ASYMMETRIES AND THEIR UNCERTAINTIES

A. Asymmetries

In order to extract the angular distribution of the asymm
tries Ay , the angular acceptance of the NMS was divid
into four angular bins of size 160 mrad for the NMS set
94°, and two angular bins of size 240 mrad for the NMS
at 75°. The data analysis techniques were similar to th
described in Refs.@4,26#. We used anxcut of 0.6 for the
analysis. First, histograms of the appropriate differences
sums of the spin-up and spin-down spectra were created
ing, for each channel, the equations

D5Y↑2
N↑
N↓

Y↓ ~25!

and

S5Y↑1
N↑
N↓

Y↓22
N↑
Nb

RYb . ~26!

HereY↑ andY↓ are the spin-up and spin-down yields in ea
angular bin, respectively, andYb is the background yield
N↑ , N↓ , andNb are the beam normalization factors for th
spin-up, spin-down, and background spectra,Yb is the yield
from the empty target cell, andR is the normalization factor
for the background spectrum, which includes the effect
the empty target cell not being identical fo the full target ce
Since the3He polarization was rotated every 10 min for th
Ay measurement, the polarizations for the spin-up and s
down states were essentially the same, that is,P↑5P↓5P
for two adjacent 10-min runs.

The programNEWFIT @27# was used to generate the fits
the histogramsD andS, defined in Eqs.~25! and~26!, with a
Gaussian peak atM50 MeV. In the fitting ofS, the cen-
troid, the width, and the area of the Gaussian were free
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vary. The histogram ofD was then fitted with a Gaussia
peak of the same width and centroid asS.

Figure 7 shows examples of the sum and difference
tograms and the fitted peaks that contained the difference
sum yields,D andS, respectively, for use in the equation fo
the asymmetry

Ay5
~ds/dV!12~ds/dV!2

~ds/dV!11~ds/dV!2
5

1

P

D

S
. ~27!

B. Uncertainty of Ay

The uncertainty ofAy @Eq. ~27!# is given by

sAy
5

1

P

D

S
AS sP

P D 2

1S sD

D D 2

1S sS

S D 2

22
sDS

2

DS
, ~28!

wheresP is the uncertainty in the3He polarization, which
was about;7%. The quantitiessD and sS are the uncer-
tainties in the integrated yieldsD andS. The first term, the
standard deviationsD , was obtained from fitting the differ-
ence histogramD. The second term is given by

sS5AsS*
2

14S N↑
Nb

YbD 2

sR
2, ~29!

wheresS* is the uncertainty in the integrated yields in th
sum spectra before background subtraction.sR is the uncer-
tainty in the normalization constantR of the background
spectra, which includes the undertainty due to the effec
the empty target cell not being identical to the full target ce

FIG. 7. An example ofp0 missing mass spectra for extractin
the yields forS andD at 90°. Top: the normalized summed spe
trum after background subtraction; bottom: the difference spectr
Solid lines: the result of fitting the spectra withNEWFIT @27#. See
text.
1-9
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The covariancesDS is a measure of the correlation b
tween the variablesD and S. It was derived@26# from the
standard deviationsY↑

of the spin-up histogramY↑50.5(D

1S), found after the histogram fitting, the standard deviat
sD , and the standard deviationsS* by using the relation

sY↑
2 50.25~sD

2 1sS*
2

12sDS!. ~30!

.

V. RESULTS AND DISCUSSION

The experimental values ofAy and their uncertainties ar
given in Table I and are shown in Fig. 8. Also shown in t
figures are the results of several theoretical calculations
expected at far forward angles, all theoretical curves
proach the negative of the elementaryp(p2,p0)n asymme-
try, which is shown by the dotted line. The calculation
Kamalov et al. @17#, which includes pion rescattering,
shown by the dash-dotted line. This prediction gives nega
Ay at all angles and thus misses the large positiveAy mea-
sured between 80° and 110°. Another calculation, by B
nhold and Kamalov~private communication, presented
Ref. @30#!, includes two-nucleon correlations and yields po
tive, though too small,Ay in phase with the data between 80
and 120°.

The calculations of Kamalovet al. @17# of Ay for elastic
scattering from3He reproduce both thep1 andp2 data at
100 MeV taken at TRIUMF@2,16#. However, the experimen
tal values for Ay for p1 scattering obtained at energie
across theD resonance~142, 180, and 256 MeV! ~Refs.
@3,4#! could not be reproduced by the conventional DW
calculations, but they were fitted very well@4# when a
D-neutron spin-spin interaction was included. Both the la
and the conventional calculations gave too smallAy for p2

elastic scattering at 180 MeV.
The DWIA calculation of theAy described in this pape

and in Ref.@19# qualitatively agrees with the experiment
Ay for (p2,p0) single charge exchange of this work~Fig. 8!.
It is also in agreement with the experimental results ofp2

elastic scattering on3He. However, the prediction forp1

elastic scattering on3He at 180 MeV does not show th
negativeAy near 80° that appear to be characteristic forp1

scattering atD-resonance energies. These results will be p

TABLE I. The measured asymmetries ofp2-induced single
charge exchange on polarized3He at 200 MeV.

uNMS , uRTD u lab uc.m. Ay DAy

~deg.! ~deg.! ~deg.!

75, 50 60.7 66.3 20.400 0.137
74.5 80.6 0.514 0.128

94, 40 76.8 82.9 0.514 0.111
85.9 92.2 0.983 0.103
95.1 101.3 0.580 0.107
104.3 110.3 0.533 0.116
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sented in a forthcoming paper@31#.
We note that the single charge exchange differential cr

section ~bottom panel in Fig. 8! measured at 200 MeV
@24,25,29# were reproduced quite well up to aboutuc.m.
570° by the DWIA calculations~dashed-dotted lines! of
Kamalov et al. @17# Our calculations with the half-DWIA,
the optical potential multiplied by 1/2~dashed lines!, also
reproduced the experimental data quite well, but the fu
DWIA calculations~solid lines! are about a factor of 2 too
small in absolute cross section at these angles. For a dis
sion of this point, see Ref.@19#.

In an attempt to remove the discrepancies between exp
mental and theoreticalAy , some of us have considered co
tributions from the overlaps (SS8 andSD) resulting from the
small S8 and D admixtures to the dominantS part in the
wave function of the3He ground state@31#. It was found that
the SS8 and SD overlaps do indeed contribute to the spi
dependent amplitude, and particularly that theSD overlap
gives an appreciable contribution to the asymmetry atD
resonance energies forp1-3He elastic scattering. The DWIA
calculation withSD overlap qualitatively agree withAy of

FIG. 8. Angular distributions ofAy ~top panel! and differential
cross section~bottom panel! for pion charge exchange scatterin
from polarized3He at 200 MeV. Experimental data~top panel!, this
experiment~bottom panel!, open triangle, Ref.@25#, open circle,
Ref. @29#. Solid lines: full-DWIA calculation described in this pa
per, with Eshift50, Xat50, andb25(0.0,0.5). Dashed lines: sam
as solid line, half-DWIA calculation. Dash-dotted lines: the pred
tion of Kamalovat al., including pion rescattering@28#. Dotted line
in upper panel: the elementaryp(p2,p0)n asymmetry.
1-10
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p1-3He elastic scattering and are in good agreement w
p2-3He elastic scattering. However, the influence of theSD
and SS8 overlap ofAy on the single charge exchange is
small that it is not readily distinguishable from the result f
the dominatingp2 single charge exchange withS-state3He
nuclei.

VI. SUMMARY

We have successfully measured asymmetriesAy for
p2-induced single charge exchange on polarized3He, even
though the special conditions of this experiment resulted
p0 energy resolution of only 20 MeV~FWHM!. The use of
a triton recoil detector in coincidence with the NMS w
essential for separating the recoil3H from the 3H break-up
continuum and from the considerable background fr
three-body reactions on the nuclei in the glass cell that c
tained the3He gas.

The DWIA calculations presented in this paper quali
tively agree with theAy for single charge exchange but mi
the absolute cross section by about a factor of 2 and the
not simultaneously reproduce all elastic asymmetry data
isfactorily. The contributions to thep-3He interaction from
the overlaps (SS8 andSD) of theS8 andD components with
the dominantS component in the wave function of the3He
.
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st
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ground state were found to be small for the case of sin
charge exchange. Previous theoretical analyses of the el
asymmetries also could not fit all available data. Since
pion-3He system is of great importance to the study of t
effective pion-nucleon force inp-nuclear interactions, the
data from this work and the earlier data fromp1 and p2

elastic scattering on3He with polarized and unpolarized ta
gets at several energies are worthy of further analysis.

In principle, cross section and asymmetry data sho
provide nearly complete information on the spin-independ
and spin-dependent amplitudes ofp-3He elastic scattering
and single charge exchange. In practice, experiments
pion beams on polarized3He targets are very difficult, so
that it has not been possible to take data over a large rang
incident energies as would be desirable. Nevertheless,
experiment took the first data forp-induced single charge
exchange on polarized3He. The interpretation of these da
as well as the results from the earlier elastic scattering m
surements still remains a challenge to theory.
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