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Asymmetries forp1 elastic scattering from polarized3He were measured across theD(1232) p-
nucleon resonance region at incident energiesTp  142, 180, and 256 MeV. Large discrepancies
were found between the data and calculations that use the multiple scattering formalism and Fadde
wave functions. Inclusion of aD-neutron spin-spin interaction term in the calculations gives a greatly
improved representation of the data. [S0031-9007(96)00229-3]
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In this Letter we report on the first measurement
asymmetriesAy for p1 elastic scattering from polarize
3He at incident energies which pass through theD(1232)
p-nucleon resonance. We find evidence for the imp
tance of theD(1232)-neutron spin-spin interaction in th
nucleus. Knowledge of the strength of the spin-depend
(and spin-independent) parts of theD-nucleon interaction
is needed for tests of meson-exchange [1] and quark m
els [2] of the baryon-baryon interaction.

Measurements on polarized3He recently became pos
sible with the development of the high-density, optica
pumped3He gas target at TRIUMF [3]. This target wa
used in ap1 scattering experiment and very large valu
of Ay were found atTp  100 MeV [4].

These large values ofAy are in contrast with the
generally small values obtained from scattering onp-
0031-9007y96y76(20)y3667(4)$10.00
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shell nuclei of spin 1y2 [5–8]. The theoretically [9–11]
unexpected smallAy for 15N and13C imply shortcomings
in our present understanding of either thep-nucleus
interaction and specifically its spin-dependent part, or
the nuclear wave functions of thesep-shell nuclei, or
both. For the much simpler nucleus3He, reliable wave
functions have been obtained by Faddeev calculatio
[12,13]. Thus spin-dependent effects in thep-nucleus
interaction can be studied without large uncertainties
the nuclear structure. However, at 100 MeV theAy for
3He show only a slight dependence on the reaction mod

Thus measurements ofp1 elastic scattering from
polarized3He at energies near the centroid and above
D(1232) resonance, whereAy is predicted [14,15] to be
very sensitive to the details of the reaction model, are
great interest for a study of the spin-dependent parts of
© 1996 The American Physical Society 3667
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pion-nucleus interaction. We note that sensitivity to
small components of the3He wave function is predicte
at Tp $ 256 MeV.

The TRIUMF target was set up in the P3E area at
LAMPF, where high beam fluxes were available acr
the region of theD(1232) resonance. The scattered
ons were detected with the large acceptance spectrom
(LAS) [16]. Measurements were made at incident en
gies Tp  142, 180, and 256 MeV and laboratory sca
tering angles ranging from 40± to 100±. Some data were
taken at 100 MeV and found to be in agreement with
results of Ref. [4].

The 3He gas was contained in a cylindrical glass c
about 4.8 cm in diameter and 6.5 cm in length. Tar
cells were made of quartz glass that was about 1.5
thick at the cylindrical cell walls and 0.4 mm thick
the hemispherical endcaps (where the pion beam ent
and exited the cell). The cells were filled with 6–7 a
of 3He gas, a trace of Rb, and a small amount of2

which served as a buffer gas. 8–10 W of polariz
laser light at 795 nm (theD1 transition in Rb) from two
argon pumped Ti:sapphire lasers and solid state d
laser arrays were used to polarize the Rb atoms in
target cell. The electron spin polarization of the Rb w
transferred through Rb-3He collisions to the3He nucleus
by the contact hyperfine interaction. The target cell w
heated continuously in the target oven to a tempera
of approximately175 ±C in order to achieve the require
Rb vapor density for the optical pumping. When t
glass cell was hot, small amounts of3He leaked from
the cell. Therefore, the pressure in the cell and
cell temperatures were monitored periodically so tha
correction for the pressure loss could be made.

The target apparatus was modified during the exp
ment by the addition of a diode laser array [17]. T
diode laser added to the optical pumping power and
nificantly increased the polarization after one of the
gon lasers failed.3He polarization was typically 35% t
45%, sometimes reaching 50%. Since the helicity of
laser light determines the direction of the target polari
tion, the orientation of the3He spins (and thus the sign o
Ay) was determined by use of a liquid crystal which tra
mits only left-hand circularly polarized light. One set
Helmholtz coils provided a vertical holding field for the p
larization. Another set of Helmholtz coils provided a va
able horizontal field component employed for changing
direction of the polarization. The magnitude of the p
larization was measured using the nuclear magnetic r
nance (NMR) technique of adiabatic fast passage (A
[3]. Absolute normalization factors for the NMR signa
were obtained by comparing the NMR signals from the3He
with the weak signals from the protons in a water-filled c
of the same dimension.

The LAS uses a magnetic quadrupole doublet, a m
netic dipole, scintillation detectors, and several sets
two-dimensional wire chambers in order to identify t
scattered pions and to measure their momenta [16].
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front wire chambers allow traceback of the scattered p
ticle trajectories to a plane that intersects the center of
target perpendicular to the central ray of the LAS. T
projections of the reaction vertices onto this plane we
used to discriminate between events from3He and the
glass in the end caps and the top and bottom of the cy
drical cell wall. Events from the left and right sides o
the cylindrical wall could not be eliminated by softwar
cuts. Thus the beam halo striking the sides of the c
was reduced by a lead collimator that was machined
match the beam divergence. In order to enable subtr
tion of the remaining background, spectra were taken
many angles with an evacuated target.

The top and center panels of Fig. 1 show yields as
function of the negativeQ value of the reaction measure
at 180 MeV andulab  50±, normalized to the integrated
beam flux for the two target spin orientations. The targ
polarization parallel to the norm of the reaction plan
is indicated by", the one antiparallel by#. The 3He
elastic peak, centered atQ  0, has a width of about
4 MeV (FWHM). The difference spectrum is show
in the bottom panel of Fig. 1. A large negativeAy is
apparent in the region of the elastic peak from3He.

The experimentalAy was obtained using

Ay 
N" 2 N#

N" 1 N#

1
p

. (1)

FIG. 1. Typical normalized energy spectra from elastic sc
tering ofp1 on the polarized3He target atTp  180 MeV and
ulab  50±. Top panel: target spin parallel ("); center panel:
target spin antiparallel (#) to the normal to the reaction plane
The difference spectrum is shown in the bottom panel.
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Here N" and N# are the normalized numbers of coun
in the 3He elastic peak with the3He spins oriented “up”
and “down,” respectively. p is the target polarization
Background events cancel in the differenceN" 2 N# and
were subtracted before taking the sum. The theoreticaAy

in pion scattering from a spin 1y2 nucleus can be writte
in terms of the complex spin-independentsFd and spin-
dependentsGd scattering amplitudes as

Ay 
2 ImsFGpd

sjFj2 1 jGj2d
. (2)

Experimental and theoretical angular distributions ofAy

for p1 elastic scattering atTp  142, 180, and 256 MeV
are presented in Fig. 2. The solid lines were obtai
using multiple scattering theory and three-body Fadd
wave functions [12,13] for3He to calculate the first-orde
terms in F and G. The dashed lines employ a hybr
model (see below) that uses the first-order values oF
andG but includes a second-order contribution toG from
theD-neutron spin-spin interaction calculated in the pla
wave impulse approximation (PWIA).

Neither the conventional multiple scattering calcu
tions of Ref. [15] (Fig. 2, solid lines) nor those of one
us (W. R. G.) and of Ref. [18] (not shown) give a satisf
tory description ofAy at 142 and 180 MeV. At both ene
gies we observe large positiveAy near80± as predicted by
the calculation, but the maximum ofAy is shifted towards
larger angles. At scattering angles near60± the measured

FIG. 2. Asymmetry angular distribution for elasticp1 scat-
tering from polarized3He at Tp  142 MeV (top), 180 MeV
(center), and 256 MeV (bottom). Solid lines: Multiple sc
tering predictions of Ref. [15] using Faddeev wave functio
Dashed lines: Predictions of the hybrid model (see text).
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Ay are negative at 142 and 180 MeV, in contradiction
any of the conventional model calculations which pred
positive Ay between 100 and 180 MeV at these angl
Use of a simples-state wave function for3He and the
PWIA predicts positiveAy at all angles [14] (not shown)
similar to the calculations using Faddeev wave functio
(solid lines) at 142 and 180 MeV. At 256 MeV this sim
ple model predicts positiveAy at all angles, whereas th
multiple scattering calculations give negativeAy. The
negativeAy at 256 MeV (but not at 142 and 180 MeV
can also be obtained by modifying the real part ofF in
a way that accounts for multiple scattering [14]. Exce
in the minimum, the differential cross sections at 142 a
180 MeV (not shown) are fit quite well with the multi
ple scattering calculations. We note that a prelimina
calculation that uses a purely scalar phenomenologicar2

term in the optical potential to account for pion absorpti
[19] predictsAy completely out of phase with the data
180 MeV.

Large second-order effects may be caused by theD-
neutron interaction when theD(1232) resonance dominate
the elementaryp-nucleon interaction. For this resonanc
the isospin coupling Clebsch-Gordan coefficients resul
much larger scattering amplitudesF andG for p1 elastic
scattering on protons than on neutrons. But thep1 inter-
acting with the paired-off protons in as1sd3 ground state
of 3He cannot contribute to the first-order spin-depend
amplitudeG which results only from scattering from th
unpaired neutron.F has a large (first-order) componen
from scattering from the two protons and a small one fro
scattering from the neutron. A large second-order con
bution toG arises if the intermediateD11, generated with
very high probability inp1 scattering on one of the two
protons, interacts with the polarized neutron.

The magnitude of this second-order contribution toG
has been investigated by one of us (B. J.) using the sim
s-shell model for3He with Gaussian single particle wav
functions. The rms radius of the nucleon distributio
in 3He was kept fixed at the valuekrl1y2  1.65 fm
obtained by unfolding the finite proton size from th
charge density of3He [20]. Furthermore, the mode
employs the PWIA for this second-order term and
meson exchange model for theD-neutron interaction
which includes thep , r, v, andh mesons. The meson
D couplings were obtained from the meson-nucle
couplings by use of SU(6) symmetry and the nai
quark model. Two-nucleon correlations were includ
phenomenologically by multiplying the wave functio
with a Gaussian correlation function that depends on
relative distance of the interacting particles. The wid
of the correlation Gaussian was kept fixed at a stand
value of 0.75 fm [21]. The resulting second-order term
G was added to the first-order multiple scattering valu
for F andG.

This hybrid model gives a very good fit toAy at
180 MeV (dashed line in Fig. 2). The negativeAy near
60± and the shift of the positive maximum towards larg
3669
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angles are reproduced. At 142 MeV the magnitude
the negativeAy near 60± is not described as well. A
256 MeV the model including theD-neutron interaction is
in slightly better agreement with the data than the multi
scattering calculation without theD-neutron interaction
(solid line). The effect of this interaction on the different
cross section is to fill in the minimum at 142 and 180 Me
resulting in an improved fit (not shown).

Further theoretical work is needed to determine whe
our measuredAy can be explained by some aspect of
reaction mechanism or the3He wave function, which we
have not yet included. Effects from pion absorption ne
to be studied further by, for example, including spin a
isospin parts in the second-order corrections to the op
potential (r2 term). TheD-neutron interaction should b
treated as part of the full multiple scattering calculatio
and not simply added on as in this work. At 256 Me
the small components in the3He wave function have to b
included [15]. No predictions ofAy for 3He are currently
available within the framework of theD-hole model.
Previous work (reviewed in Ref. [22]) invoked the ne
of a strong but purely phenomenologicalD-nucleus spin-
orbit potential. A microscopic derivation [23] of this ter
gave a much smaller strength. Nevertheless, its effec
the Ay should be considered in future calculations. O
hybrid model is the first attempt to treat theD-nucleon
interaction inp1 3He scattering microscopically.

On the experimental side, data forp2 scattering on
polarized 3He are needed. Forp2 scattering the first-
order contribution toG is much larger than the secon
order contribution so that the effect from theD-nucleon
interaction onAy is predicted to be negligible.

In conclusion, asymmetries were measured forp1

elastic scattering from polarized3He at energies near th
pion-nucleonD(1232) resonance. Thus far convention
pion-nucleus interaction theory has failed to fit the da
However, a large second-order contribution to the sp
dependent scattering amplitude inp1-3He scattering,
resulting from theD-neutron spin-spin interaction, signi
icantly improves the agreement between experiment
theory.
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