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Asymmetries for elastic scattering ofs* from polarized 3He at A resonance energies
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AsymmetriesA, for 7t and 7~ elastic scattering from polarizetHe were measured at incident energies
passing through ther nucleonP,3, or A(1232), resonance. The data were taken at the Clinton P. Anderson
Meson Physics Facility using the high-energy pion charfiieénd a large acceptance spectrometer to detect
the scattered pions. The polarizétfle target, originally developed at TRIUMF, was modified for these
experiments by the addition of diode lasers. Completely unexpected negative asymmetries were observed at
and below the resonance in* scattering near 50°—60°, which cannot be reproduced by multiple scattering
theory and Faddeev wave functions. A hybrid model, which addsn@utron spin-spin interaction term to the
conventional calculations, provides a good description ofitfiedata. Form~ scattering this term predicts a
negligible effect orA, and the data do not show the anomaldysseen withw*. [S0556-28187)05611-7

PACS numbefs): 25.80.Dj, 25.10+s, 24.70+s
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density. In the late 1980s it had become possidg to model uses the first-order multiple-scattering amplitudes of
achieve significant nuclear polarizations for targets ofRef.[18], but adds a second-order term to the spin-dependent
1p-shell nuclei of spini. Elastic scattering asymmetries amplitude that accounts for&-neutron spin-spin interaction
measured with these targets were found to be in disagre¢DINT). For =" scattering this second-order term is compa-
ment with theoretical predictions that used a first-order opti+able to the first-order term owing to the different isospin
cal potential and shell-model wave functions. For examplegouplings for7*p and 7 n. This model predicts that the
experiments ort®N [3,4] and 13C [5—8] measured generally DINT term for 7~ scattering is much smaller relative to the
small values oA, , whereas theory predict¢@—11] thatA, first-order terms. Thus the effects of DINT on thgfor 7~ -
should be large at some angles. 3He should be negligible. Indeed;~ data taken recently
The theoreticah, for elastic scattering fromgshell nu- [21] and presented in this paper as well are described equally
clei show a strong dependenid&7,11] on the details of the well by calculations that do or do not include a DINT term.
nuclear structure, implying that information on the spin- Section Il summarizes briefly the formalism of pion scat-
dependent part of the nuclear ground-state density is cortering from a polarized spig-target. Section Il describes
tained in the data. Thus the failure of theory to reproduce théhe experiments, Sec. IV discusses the extraction of the ex-
measuredA, indicates that either ther-nucleus reaction perimental asymmetries and their uncertainties, and Sec. V
mechanism and specifically its spin dependence is not ydiresents a theoretical analysis of the data using several dif-
understood or that the nuclear wave functions of these nucldéerent models. Section VI concludes briefly.
are not sufficiently well known, or both.
One way to proceed was to conduct a polarization experi- Il. PION ELASTIC SCATTERING
rspent on a nucleus of vyell-known nuclear structure such as ON POLARIZED SPIN- 4 NUCLEI
He, which is a much simpler nucleus than thgghell nu-
clei used in the previous experiments. Reliable wave func- The amplitudg22] F(6¢), for scattering of a spin-0 par-
tions have been obtained by Faddeev calculatid@s-14 so ticle, like the pion, from a spin-1/2 nucleus has a spin-
that spin-dependent effects in thenucleus interaction can independentf) and a spin-dependeng) part,
be studied without large uncertainties in the nuclear struc-
ture. F(0,9)=F(0)+iG(o)h- 7, 1)
Such experiments became possible in the early 1990s with
the development of a high-density, optically pumpéide  whered are the nuclear Pauli spin matrices andthe nor-
gas target at TRIUMIEL15]. This target was used at TRIUMF mal to the reaction plane, is defined by the incident and
for the measurement d‘y fOI‘ 7T+ Scattering from polarized Scattered partic|e's momentum Vectd?s and E)f, respec-
3He at an incident pion energy, =100 MeV[16]. =~ data tively,
at this energy were also subsequently tak&r]. At this

energy, theory predictsl8] for both 7 and 7~ scattering KX K
that the asymmetry is insensitive to the nuclear wave func- Alm—m 2
tion and shows only a slight dependence on the reaction [ ki X K

model. However, for energies at and aboveAli@232 reso-
nance, the asymmetries are predicted to become increasingly The spin-dependent amplitudé#), often called the spin-
sensitive to the details of the reaction model. Thus there waflip amplitude, involves one unit of spin transfer to the target
considerable interest in an extension of these measuremern(td S=1), whereas the spin-independent amplitude) pro-
to energies at and above tRg; resonance. ceeds without spin transfed&=0). Both F(6) and G(#6)

The P°East beamline at Clinton P. Anderson Mesonhave isoscalar{T=0) and isovector £ T=1) parts.
Physics Facility(LAMPF) provided superior beam flux at Since the pion has no spin, the only spin-dependent inter-
energies at and above thRs; resonance than could be action inpion-nucleonscattering is the spin-orbit force in-
achieved at TRIUMF. In addition, LAMPF had a spectrom- volving the nucleon’s spin and the relative angular momen-
eter suitable for tha resonance energies. Thus the TRIUMF tum of the pion and nucleon. The spin-dependent amplitude
target was moved and the asymmetry measurements reportémt pion-nucleuselastic scatteringj(6) involves thepion
here,#" and =~ scattering on polarizedHe through theA nucleonelastic scattering amplitude, the spin-dependent part
resonance region, were performed at LAMPF. of the nuclear ground-state density, and possible second-

The data form™ and =~ were taken in two separate ex- order effects resulting, for example, from the spin-dependent
periments. The\, for «* scattering, measured fifst], were  interaction of the intermediatd (1232 with the nuclear
found to exhibit some unexpected characteristics. Most sureore.
prisingly, atT,=142 and 180 MeV and angles near 50°~ The only spin-dependent observable presently accessible
60°, the A, were found to be fairly large and negative for spin+ nuclei is the analyzing poweor left-right scatter-
(=—0.30. This result was in contradiction to all conven- ing asymmetry A,. In asymmetry experiments, rather than
tional model calculations at that tim{d8—20, which pre- move the spectrometer from right to left of the beam, the
dicted small positive asymmetries. Near 80° the experimenspin of the target is alternated between “ufspin parallel to
tal A, were large and positive, but the maximum was shiftedthe normal of the reaction plapand “down” (spin antipar-
to higher angles than predicted. As discussed in the Litter allel to the normal of the reaction plane
and in more detail in this paper, the anomalous angular dis- For a target with polarizationB,,=P; and Pgoun=P,
tribution of A, for " scattering at 180 MeV can be fit very the differential cross sections with spin up and down, respec-
well by a hybrid model developed by one of @&K.J). This tively, are[22]
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FIG. 1. Asymmetries forr™ elastic scattering froniHe at 100,

i.e., A, is due to the interference between the spin-depender®20, and 260 MeV. The data at 100 M&¥p pane) are from Ref.
and spin-independent amplitudes. A measuremewt,dé a [17]. The solid curves show the full KTB calculatiofs8] and the
sensitive way to probe the small spin-dependent ampligide dotted lines were obtained with the toy modsée the tejt The
and the phase betweefiandG. Whereas cross sections are chain-dashed curves are from the toy model with the modification
proportional to the sum of the amplitudes squared and arf" multiple scattering[Eq. (11)] with A=0.4 and 0.6 for 220
generally dominated by 0)|2, the asymmetry is strongly (middle panel and 260 MeV(bottom panel respectively.
sensitive to both amplitudes. If the amplitudésand G are
comparable in magnitudéas near the minima in the cross momentum transfer, equalg)Zsin®(6/2) andg; is the inci-
section and their relative phase is near 90° or 270°, thedent pion momentum in the center of mass #hthe scat-
asymmetry can be as large a<.0. tering angle in the center of mass. Multiple-scattering effects

A simple model(toy mode) of - 3He elastic scattering (which are predicted to become important at energies above
has been constructed assuming that the ground @atpof  the P33 resonanceare simulated in this model by modifying
3He consists entirely of the space-symmeSistate[18]. In  [18] the real part ofF by the addition of a term proportional
this model therr-3He elastic scattering amplitudes are givento Fo(Q?), that is,

by
ReF— ReF+AFy(Q?). (11)
F=(2f rpt+ f ) Fo(Q?), ®) °
G=0,,F1(Q?, 9 A is a real number that does not depend on angle, but may
i depend on the pion energy.
wheref_y and g,y are the freewN spin-independent and Initial asymmetry measurements for elastie®*He scat-

spin-dependent amplitudes aRg andF; are, respectively, tering, done at TRIUMF at , =100 MeV[15-17, obtained
the spin-independent and spin-dependent nuclear form fagalues ofA, that were large and positive with a maximum of
tors. In F the contributions from the two protons and the nearly +1 aroundd.,,=90°. (See the top panel of Fig. 1 for
neutron add coherently. However, since the spins of the pros " data and predictions at 100 M@\ his was in contrast to
tons are coupled to zero, the only contributionGtas from  the small asymmetries observed for the-ghell nuclei.

the unpaired neutron. ThitHe form factors were assumed to ~ The large asymmetry forr™ elastic scattering frontHe

be spin independent and to have a Gaussian shape is, at first, surprising as the elementaky for 7" -neutron
scattering is rather smdl23]. However, as described above,
A, depends sensitively on the magnitudes of and relative
phase betweesf andG. F for scattering, fronHe involves
both protons and the neutron and is thus quite different from
Herery=1.65 fm is the rms radius of the distribution of f for 7r-neutron scattering wheredhsis due to the neutron
nucleon centroids in®He. Q?, the square of the three- only as in the freer-neutron case.

. (10

1
Fo(Q?)= Fl(Q2)=eXp( ~510Q°
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The 100-MeV 3He data form* (Fig. 1, top panél (and

Drive Coils 57 — quarterwave

7~ , not shown are described quite weltiotted lines by the (for NMR) -/‘f.g‘

toy model without the modification of Eq11) for multiple AL T M T
scattering, which has only a small effect at this energy. The < %/._-ii‘;%“i‘%‘i!l"iﬂ

data are also well describgsolid lineg by the model devel- 7 V‘:".JLR‘\‘“\ o\ ““ Vertical Coils
oped by Kamalov, Tiator, and Bennhdl#ig]. This model is !f%‘;‘, “l E} - _
based on the Kerman-McManus-Thaler formulation of Q4 ‘;"“‘wri’i‘fj’ N/ ;;grr:‘
multiple-scattering theory [24]. The Kamalov-Tiator- kﬁqﬂﬁg"ﬂ’f&l‘a

Bennhold (KTB) model uses a microscopic description of szfﬁ'

the pion-nuclear interaction in momentum space, the,’_‘;ggr'; ] Horizontal Coils

coupled-channel method, realistic freeN scattering ampli-
tudes, and the Faddeev wave function fote.

The predictions for asymmetries far~ at 100 MeV are
also independent of the model. However, at energies above
the centroid of thePs; resonancg220 and 260 MeV the FIG. 2. TRIUMF polarized®*He target as modified for E1267.
theoretical curves forr™ and«~ display an increasing sen-
sitivity of the asymmetries to the details of the scatteringtrace of Rb, and a small amou¢gbout 100 tory of N, to
model [18]. This is highlighted in the middle and bottom assist in the optical pumping. The wall relaxation tini&S]
panels of Fig. 1 by the different signs & for 7" scattering ~ for these cells were approximately 20 h.
at 80° predicted by the three models: the toy model without Target cells were placed in an oven made of Vespel, with
and with the modificatior{(chain-dashed lingsof Eq. (11)  Kapton windows, and were heated+d.80 °C to achieve the
and the KTB model. The KTB and the toy model, if modified desired gaseous rubidium number density. When the cells
for multiple scattering at 220 and 260 MeV, predict theat ~ Were hot, small amounts ofHe leaked out. The leaking
80° to flip from positive to negative as the incident energyresulted in an exponential decrease in the pressure with time
passes through th@SS resonance. The unmodified toy model constants .Of 1500 and 3500 h for the two cells used during
predicts that theA, stays positive between 100 and 260 the experiments. The leak rate at room temperature was
MeV. The predictions of increasing sensitivitwith increas- ~ found to be 15 times slower and thus negligible. In order to

ing energy of the A, to the scattering model and the relative Correct for the loss in target pressure, we kept track of the
insensitivity to the nuclear wave function motivated the ex-times that the cells were hot and the cells’ temperature. We

periments described in this paper. also did periodic measurements of the cells’ pressures.

The laser system for E1267 consisted originally of two
titanium-sapphire lasers each being pumped by one argon
laser. A diode laser was added later, after one of the argon
lasers began to deteriorate. With the laser and optical con-

uration shown in Fig. 2, we managed to keep at®Ww of
) b _ circularly polarizedD1 light on the target through the ex-
During E1267, theA, were measured forr™ elastic scater-  noiment During E1317 the laser system was further modi-

ing at T,=142, 180, and 256 MeV. Tha, for 7~ elastic fied to use onlv di :

T : y diode lasers. During E1267 thee polar-
scattering were measured at 180 MeV in E1317. The polary, .iions were~35-45 %, once reaching as high as 50%.
ized ®He target apparatus was a modified version of th

hiah . il | ®Polarizations during E1317 were typically 35%.
T'%J:/?QS['%’] I\c/igg(i:f‘i?::z;/tiorﬁ):rtr:)p?hde t;?/;:tar?mp?s%eegfeedd forat During both experiments, the helicity of the laser light

: ' h db ter-controlled ch f the orien-
E1267 and E1317, are discussed below and in R&i. Was changed by a comptiter-controfied change ot the orien

(holding field)

i-Sapphire
Lasers

Ill. EXPERIMENTS

Two separate experiments E1317 and E1267, were do
using the high-energy pion channel’Bast, at LAMPF.

X=Y plane
A. Polarized ®He target
The principle of polarizing®He nuclei is to first optically Incident
pump theD1 (794.7 nm transition in Rb vapor, which re- Pion Beam

sults in the polarization of the spin of the valence electron.
This polarization is then transferred to tRkle nuclear spin

by a contact hyperfine interaction between the Rb electron
and the *He nucleus, which occurs during Ritde colli-
sions. A 3-mT uniform holding field at the target was sup-
plied by the horizontally mounted Helmholtz coilBig. 2).

The 3He target cells were made of quartz glass. They
were cylindrical in shape, of 4.5 cm inner diameter, about
6.5 cm in total length, with roughly hemispherical end caps
(Fig. 3. The glass was=1.5 mm thick at the cell's cylindri- FIG. 3. Cross section of thtHe target cell in the reaction plane.
cal walls and 0.4 mm thick at the end capghere the pion  O..,is the scattering angle; normal to the reaction plane is into the
beam entered and exited the ¢ellwo cells were used dur- page(+y axis of right-handed coordinate systeamd the momen-
ing the course of the experiments, both of the same geomum vector of the scattered pidn is pointing along the axis. The
etry. Target cells were filled with 5-7 atm JdHe gas, a x-y plane is indicated at=0.

|

ks
To LAS
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tation of a quarter-wave plate that converted linearly polar-
ized laser light to either left-hand or right-hand circularly
polarized light. In E1267 the helicity of the ligliand thus
the signs of the target polarization and the asymmetiys
determined by use of a liquid crystal that transmitted only
light of left-hand polarization. During E1317 a system of
analyzers, polarizers, and quarter-wave plates was used t
determine the helicity. target a Q2
The polarization of théHe was reversed every 11 min in
order to minimize systematic errors. This was done by turn-
ing down the vertical holding field, provided by the horizon-
tally mounted Helmholtz coils while ramping up a horizontal
holding field, provided by the vertically mounted Helmholtz
coils (Fig. 2). Then the vertical holding field was ramped up
in the reverse direction while the horizontal holding field was *
returned to zero. The entire procedure took about 19 sec. No
data were taken during the polarization reversal. The NMR
apparatus was calibrated by measurement of the small signphred to the contribution from the momentum spread in the
from protons in a water-filled cell of approximately the samebeam. Some modifications have been made to the spectrom-
dimensions. The protons in the water-filled cell were polar-eter since the original design. A side view of the LAS spec-
ized by the small holding field. trometer as it was used in E1267/E1317 is presented in Fig.
4,
B. Pion beam The spectrometer uses four pairs of delay-line readout
drift chambers(DRWCg [28], the first two pairs being lo-

The pion beam of the high-ener ion channel at . .
LAMPF,pP3East, was used. Ang achror%)z;ticrz) beam tune waj"‘ted (see Fig. 4 between the quadrupoles and the dipole

employed that provides a narrow waist at the center of th front chambersand the last two pairs just after the dipole

target cell thus preventing most of the beam from hitting thevxr/ierirs C?;?Z?;Eﬁg: \?:rltric(:)ifllChftir:?ab(e)trﬁe?ahso:\izgnrt)iazlilne?r?;
target cylindrical cell walls(Fig. 3). However, use of the ' Y, Y.

achromatic tune caused the overall energy resolution of thgﬁoﬂ:nv(\jﬁego\?viﬁt 4(-):n%ltim:(;[ilEgsaggt(xes:%g!g?égfwlrgg
experiment to be limited to about 4 MeNull width at half P 9 ) '

maximum (FWHM)] owing to the momentum spread in the The planes with vertically stretched wires provide thpo-

I . jtion and dy/dz, whereas the planes with horizontally

incident beam. The size of the beam spot at the target way : : g )

roughly 2.2<2.2 cn?, with an estimated 98% of the beam _stretg:hed WIres provide thep(.)sn.lon an(jjﬂdz. Thgz axis
this coordinate system coincides with the optical axis of

intercepting this area. The divergence of the beam at th .
target was about 44 mrad horizontally and 22 mrad verti- € quadrupqle doub_let, with=0 at the center of the target
cally. In order to reduce the amount of beam ha@®% of (Fig. 3). The information orx, y, dx/dz, anddy/dzfrom the

the bearh that might strike the target cell walls and producefront and rear chambers is used to determine the trajectory of

background, a lead collimator was placed upstream of th € cha_lrged particle through the spectrometer and to trace
' at trajectory back to the target.

target. This collimator was machined by a computer drive

; .. Position resolution of trajectories projected back to the
lathe to match the beam divergence and proved to be quite ) .
effective Verg prov qultarget was 0.4 cnfiFWHM) horizontally. Such good horizon-

An ion chamber(IC) at the end of the BEast beam pipe tal position resolution is needed to eliminate efficiently the

monitored the beam flux entering the target cave. The IC Wa@rge number of events from the target cell end caps. Vertical

used for all relative normalizations between spin states t%esﬂﬁ%ogntw;s trr:(e)th?)sr' goon(;gl’ rgUtolwf.‘gnnOt as crucial to this
account for possible differences in the number of pions be- xpern S 1zontal resolution.
Since the energy resolution of the spectrometer would be

tween spin-up and spin-down measurements. No attempt wa, . L ;
made to measure absolute differential cross sections. Typicgi?'fecuad by multiple scattering in the air between the target

pion fluxes for both experiments were between T r/sec and the rear chambers, helium bags were installed along the
and 16 m/sec depending on a variety of factors such as6-m flight path through the spectrometer. A helium bag was

beam polary, bean enrgy, o stings,and proton el BACES Peeen e €1 e el oven 6 e
on the pion production target. P 9 P get.

the rear chambers were two scintillat®2 andS3, which
measured time-of-flight and energy loss for particle identifi-
cation.

The large acceptance spectromelehS), a quadrupole- The coordinateXTGTandY TGT of the intersections of
guadrupole-dipole system, was used to momentum analyzée particle trajectories with they plane atz=0 were cal-
the scattered pions. A detailed description of the LAS can beulated from the wire chamber signals and the LAS calibra-
found in Refs[26,27]. The momentum acceptandegp/p of  tions. A two-dimensional histogram of events in tkey
the LAS was about 5% in both E1267 and E1317 and theplane, calledXTYT, is shown in Fig. 5. The regions of high
solid angle was approximately 15 msr. The LAS contributionintensity are froms scattering and reactions in the end caps,
of 1 MeV to the energy resolution width was negligible com-where the pion beam enters and exits the target(se# Fig.

FIG. 4. Layout of the large acceptance spectrom@tas).

C. Large acceptance spectrometer
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FIG. 5. Projections of the interaction vertices onto tke _50 -
(XTGT) andy (YTGT) axes. ThisXTY T spectrum was taken at P I I I R L R
O..a:—=90°. Regions of high intensity are from pions scattered on -20 -0 0 10 20 20 40
the end caps of the target célvhere the pion beam enters and Missing Mass (MeV)

exits). A software cut on the “interior” region of the cell is indi-

cated by the rectangular box. FIG. 6. Energy spectrdl(E,) measured afl ,+=180 MeV,

61ap=80°. Upper panelM; ; middle panelM ; lower panelM-

M, . Alarge, positive asymmetry is apparent for the elastic scatter-
3). Pions scattered from thHe gas can only come from ing peak.A, above the breakup threshol&,=7.7 MeV) is con-
within the cell and so a rectangular software cut was placedistent with zero.

on this area. Note that such a cut on the cell’s interior region

may contain beam particlggsot intercepted by the collima- B. Background spectra

tor) that scattered from the sidewalls of the target. . . .
) aew g The background from the glass has primarily two contri-

butions. The first results from elastic and inelastic scattering
IV. DETERMINATION OF A, from Si and O as the pions travel through the thin windows
(=~0.4 mm thick at the end caps of the cell. The elastic peaks
and the yields frozry transi}iﬁons to the 3states(6.13 MeV
With the software cut oXTY T, excitation_ energy spectra ggdt: égg] (';i?\:);gmir? (Iar?:(jThgzrsetZ?: fﬂ‘ég'syl ;\{elr%f?oi/lngvto
MT(_Ex)andMl(Ex) were generated a_ssumlﬁgieer kine- was not resolved from the ground state. The second contri-
matics so that events scattered elastically _f'gdﬂe appearat 400 to the glass background results from particles that are
E, (reTer.red to as “missing masg&o_. Typical spm-sort_ed not intercepted by the lead collimator and scatter from the
Ex (missing massspectra are shown in the upper and middlecylindrical cell walls. Prior to scattering, these particles
panels of Fig. 6. The peak from elastic scattering ofHe  travel approximately parallel to the cell's axis through the
is clearly visible atE,=0. The overall energy resolution is walls (=4 cm in length, Fig. B These particles lose a lot of
about 4 MeV(FWHM) primarily due to the large momentum energy as they pass through the glass and thus both their
spread in the incident achromatic beam. Nevertheless, thislastic and inelastic peaks are smeared into a very broad
resolution width is sufficient to resolve the elastic peak fromdistribution. A software cut on the interior of the cell elimi-
the *He breakup continuumE,=7.7 MeV). Events from nated most events, but this cut could not eliminate events
elastic scattering on silicon and oxygé&he major constitu- from the beam halo hitting the side walls.
ents of the quartz glasor inelastic scattering to excited Figures 7 and 8 illustrate the difference in the two back-
states of these nuclei, which were not eliminated by the softground contributions from an empty cell &t.+ =256 MeV
ware cut onXTY T, may appear at excitations energies fromand 6,,,=50°. Figure 7 is arXTY Tspectrum for the empty
E,=<0 up to high excitation energy and may thus interferecell. Indicated by solid lines are two software cuts, one on
with the elastic peak froniHe nearE,=0. Therefore, back- the upstream end cap of the target ¢alhere the pion beam
ground spectra were measured at many angles using empiyters and the other on the interior region of the empty cell.
cells.[There is so little of the buffer gas N~ 100 torp and The upper panel of Fig. 8 shows the energy spectrum
Rb vapor in the target cell that background from these congenerated with a software cut on the upstream end cap, high-
taminants is negligiblé. lighting scattering from the thin glass windows. At this en-

A. Energy spectra
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6 T T T T T T T T T T a smooth polynomial shap@ee Sec. IV I Such smooth
background was assumed and fitted to the spectra at the
angles where no empty-cell data had been taken.

4 _|
o C. Asymmetries
upstream endcap- - MT interior

5 The experimentah, were calculated using the equation
7 - CiN;—CN, , 12
= . .
< where the relative cross sections are expressed as a product
> of the number of spin-sorted scattering evedtsC, and the

2 - normalization factorsN;,N . The normalizations are in-

versely proportional to the integrated pion beam current,

, , measured with the beam ion chamber and proportional to a

4 ' ] correction factor which accounts for computer live time and

chamber efficiencies. In this experiment there was no loss of

polarization when the sign of the polarization was changed,

S T Y hencePT=Pl=P.

) o 5 4 If large backgrounds exist it is advantageous to create
YTGT (cm) new histogram#y andM,, from the experimental spectra

M;, M|, andMy, before fitting the peaks of interest. We

FIG. 7. XTY Tspectra for the evacuated target cellgt =256 define summed spectra by

MeV and 6,,,=50°. Indicated are the locations of software cuts on

the upstream end cap of the target ¢elhere the pion beam entérs Ms=M;N;+M N —=2MycNpck, (13

and on the interior region of the cell. Scattering events from the

interior region of this empty cell are due to particles not interceptedvhere My Ny is the normalized background spectrum

by the collimator interacting with the sidewalls of the target. from the empty cell runs, and difference spectra by

ergy and angle T,-=256 MeV and#,,,=50° the events Ma=MiNi =M N, . (14
from the scattering from glass, &.s. and first 2) and O Note that, within statistical uncertainties, the background
(g-s), form one broad unresolved peak n&gr=—14 MeV.  gpiracts out when creatirlg , , but needs to be subtracted
The large width of this peak results from the poor energye,pjicitly when creatingMs . The summed and difference
resolution and the kinematic broadening of peaks not resulg—,iekjs for elastic scattering froHe were then obtained by

ing from scattering or’He. Similarly, events from the exci- fitting the elastic peak in the properly normalized summed
tation of theJ"=3" states in Si and O are seen as one broad,,q gifference spectra.

peak near—8 MeV.

The lower panel of Fig. 8 presents a spectrum generated
with a software cut on the “interior region,” highlighting
scattering from the thicker sidewalls of the empty target cell. The progranNEWFIT [29] was used to generate and fit the
As mentioned above, energy straggling and the large differhistogramsMy andM, defined in Eqs(13) and(14) with a
ences in energy losses before and after scattering smear daawussian peak ned,=0 MeV and a smoothly varying
the elastic and inelastic peaks so that the events from thieackground. Backgrounds arose from ttiée breakup con-
XTY T software cut on the interior of théHe cell gives a tinuum and any events from scattering on the glass either
glass background that varies smoothly with. These back- from an incomplete background subtraction or in the cases
ground spectrdl ., were subtracted from the full-cell spec- where no empty-cell spectra had been taken. The centroid,
tra. width, and area of the Gaussian were free to vary, as were

It was not possible to take empty-cell runs at all angles fothe parameters of the background that was fit with a third- to
E1267 due to time constraints. However, empty-cell spectréifth-order polynomial. By fitting the peak and background in
were measured at all forward angles,(,<70°). Good My, the values oE=C;N;+C N, for use in Eq(12), and
background information was needed at these angles for twiheir standard deviations for use in H45) (see Sec. IV [
reasons. First, the effective length of the target cedls seen were obtained.
by the LAS spectrometer, decreases from a maximum at 90° Subsequently, the histograM , [Eq. (14)] was fit to a
with decreasing laboratory anglsee Fig. 3, making it hard  Gaussian peak of the same width and centroid as the peak in
to distinguish the end caps from the interior of the cell. SecMy and the number of counts=C,;N,—C N, in the dif-
ond, at forward angles, the inelastic peak from excitations oference peak and the standard deviationwere obtained.
the J”=3" states in silicon and oxygen are close to theThe method of constraining the peakivh, to the parameters
position of the *He elastic peak so that they could not be of the peak inMy was adopted because the statistics in the
separated from théHe peak. Empty-cell spectra taken at a My histograms were much better than in g histograms,
couple of the larger angles showed that at these angles thparticularly when theA, were small. An example of spectra
background had no structure néar=0 and could be fit with ~ fitting is given in Fig. 9, which contains* data taken at 50°

D. Fitting the spectra
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2500 - elastic scattering MM with cut on
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300 ] FIG. 8. Spectra from the evacuated target cell

at T_+=256 MeV and#,,,=50°. Upper panel,
T I T T N T T T T T T T T T I T A Y Spectrageneratedwithasoftwarecutontheup_
-20 -%5 -10 -5 O0 5 10 15 20 25 30 35 40 45 50 stream end cap as shown in Fig. 7. Scatterings
Missing Mass (MeV) . . .
occur on the thin glass windows. The elastic
events from glaséSi and Q are seen in one peak
near —14 MeV; also any contribution from the
L L L e s B e e e J7=2" state in Si would be unresolved from this
peak. TheJ™=3" states in O and Si are seen as
one peak near-8 MeV. Lower panel, spectra
250 - MM with cut on T generated with a software cut on the interior re-
interior gion as shown in Fig. 7. Scatterings occur in the
walls of the target cell.
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at 180 MeV. The upper panel of Fig. 9 shows the normalizedors leading to the uncertainty in the polarizatiop are the
background spectrum. The middle and lower panels of Fig. $oss of pressure throughout the experiment and the calibra-
show theMs and M, spectra. There is a large negative tion of the NMR signal by use of a water-filled cell. We
asymmetry indicated &,=0 and the asymmetry in the re- estimatedorp/P to be <10% from both of these factors.
gion above breakup thresholel,=7.72 MeV is consistent During the analysis of the E1267 data it appeared that
with zero. some of the forward angl®¥, spectra T, +=256 MeV for

The extracted values d, for elastic scattering and their ¢lap=40° and 50° andl .+ =142 MeV for ., =40" and
uncertainties are presented in Table | and in Figs. 10, 13, ame ) had small asymmetries &, where scattering from

15. The uncertainties are discussed in the next subsection 9'ass was importaniThere were no such asymmetries in
any of theM, spectra at 180 MeV forr™ or v~ .) Such a

systematic asymmetry may be the result of a slight deflection

E. Uncertainty in A, in beam position between the spin-up and spin-down states

The uncertainties il [Eq. (15)] are given by{30] due to the reversal of the 3-mT holding field of the Helm-
holtz coils. This reversal causes a net deflection of the pion
,  PAA208+3%0%)+ A% %05~ 23 AP%0%, beam, which we estimated to be3 mm at the target. As the
O~ Py 4 ) beam intensity varies rapidly at the edge of the beam, a small

deflection can cause a large change in the flux impinging on
15 the glass walls. However, the yield from the glass in the

region of the elastic peak from scattering diHe was small
whereoy and o, are the standard deviations BfandA.  compared to the yields &, where the small asymmetries
They contain contributions from uncertainties in the fitting from glass appeared. Thus it was determined that any asym-
procedure, normalization, and statistics. 'Iafgeh covariance metry in the background due to glass had a negligible effect
term arises becausk and2 are determined from the inde- on the region of the elastic scattering peak and thus on the
pendent measurements i, andM | . The two major fac- asymmetries forHe.



180 MeV.

TABLE I. ExperimentalA, for w* and#~ scattering frontHe.

T,+=142 MeV T,+=180 MeV
Oiap (deg Ay Biap (deg Ay
40.0 —0.19+0.05 40.0 —0.14+0.05
50.0 —0.23+0.05 50.0 —0.28+0.04
60.0 —0.17+x0.09 60.0 —0.26x0.06
70.0 0.47-0.06 70.0 0.22.0.07
80.0 0.82:0.10 80.0 0.9%0.09
90.0 0.59-0.10 90.0 0.66:0.09
100.0 0.480.08 100.0 0.66:0.08
T,+=256 MeV T, =180 MeV
elab (de@ Ay Hlab (de@ Ay
40.0 —0.16+0.06 50.0 0.290.08
50.0 —0.29+0.06 65.0 0.76:0.14
60.0 —0.48+0.10 80.0 0.620.10
70.0 —0.92+0.16 95.0 0.180.10
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FIG. 9. Typical energy spectra far* scattering measured at
180 MeV and 50°. Upper panel, normalized background spectrum; —-1.0
middle panelMs , normalized summed spectrum after background
subtraction; bottom paneM , , difference spectrum. 1.0
V. THEORETICAL ANALYSIS AND DISCUSSION 05
A. Conventional models
>
Figure 10 presents the experimental angular distribution <t 00
of A, and predictions with the KTB modésolid lines and
the toy model(dotted line$ described earlier. The upper =05 ]
three panels contain the results fof scattering at the three T —(lab) = 180 MeV
energies and the lower panel the results#or scattering at -1.0 Y S —
30 60 90 120 150

0, (deg)

FIG. 10. Experimental and theoretical angular distributiodpf
for the elastic scattering af* (upper three paneland =~ (lower
pane) from polarized®He. The data are from the experiments de-
scribed in this paper. The solid lines are from the first-order
multiple-scattering predictions of the KTB moddi8]. The dotted
lines are from the toy model. The dashed and chain-dashed curves
are from a DWIA calculation of Refl20] using elementaryrN
amplitudes calculated with ;. at the experimental value and shifted
down by 20 MeV, respectively.

In the toy model, the real part of was modified as de-
scribed by Eq(11) with A=0, 0.2, and 0.6 at 142, 180, and
256 MeV, respectively. These valuesfare purely empiri-
cal and were chosen because by shifting the zero crossings of
the real part ofF thus one can simulate the results of the full
KTB model[18]. Also shown in this figure are the distorted-
wave impulse approximatioODWIA) calculations of one of
us (W.R.G), which use the Faddeev formalism to describe
the 3He wave function. One of the DWIA calculations was
done with an energy shift of 20 MeV, that is, the energy at
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<~ 10 g R
,| T, +(ab) = 180\MeV ] b b b b
10 N
. P P P p
10
(¢} 1st order (d) 2nd order
107"t FIG. 12. Feynman diagram of first- and second-order contribu-
tions to G in elastic *He(sr,7) scattering.(a) and (b) show the
1072 contributions formr*. The factor of 3 in isospin coupling for* p
over 7 n leaves the second-order term significant relative to the
30 60 %0 — 12'0 — 50 first-o.rder. term(c) and(fj) show the .contributions fotr~. Isospin
, coupling is the same# ™ n) for the first- and second-order terms,
10 — T T thus (d) is relatively smaller than the first-order term. The wavy
— W 1 lines in(b) and(d) indicate the exchange of neutral p, w, and»
< 1 mesons.
E 10
S—’
o o tive A, between 100 and 180 MeV at these angles. At the
e 10 two energies, 142 and 180 MeV, the experimenitalare
E large and positive near 80° as predicted by the multiple-
< 10 T —(lab) = 180 MeV scattering_and toy model calculations, but the maximum of
P S TP the experimental, is observed at larger angles than pre-
30 60 80 120 150 dicted. We note that the DWIA curves of W.R.G. are too low

6__(deg) in magnitude.
The experimentalA, at 256 MeV are negative at all
FIG. 11. Theoretical angular distributions dix/dQ) for the angles. Thus the energy at which TA? near 80° flips from
elastic scattering ofr™ (upper three panelsand =~ (lower panel  positive to negative, lies between 180 and 256 MeV. All
from polanzed3He_e. The curves are as in Fig. 10. The data are frommgdels predict negativa, for " at 256 MeV. Only the toy
;‘:;Eri]js(b;‘;kbfg;'(ej 5;‘;54] (asterisk, and Ref[35] (open  qqel with ReF modified as in Eq(11), provides a reason-
q able fit, and this might well be coincidental. For the data
at 180 MeV, both of the DWIA predictions are closer to the
which the elementary-N amplitudes were obtained from the data in magnitude than the KTB and toy models. The maxi-
fitted phase shift§23] was taken 20 MeV below the actual mum of the experimentah, is seen at a smaller angle,
incident pion energy. This energy shift is often treated as an=70°, than predicted by any of the theoretical models.
adjustable parameter and accounts in part for binding energy Figure 11 shows the differential cross-section predictions
and Fermi motion effectE31]. The authors of Ref32] jus-  for the theoretical models discussed above, as well as some
tify the use of an energy shift by thie-hole interaction. The of the existing datd33—35. Except in the minima, the dif-
dashedchain-dashedines are from the calculations without ferential cross sections are fit quite well with the multiple-
(with) the shift of 20 MeV. None of the models give a sat- scattering calculationolid lines. It is clear that the differ-
isfactory description of thé\, for m* scattering at 142 and ential cross sections are less strongly model dependent than
180 MeV, nor do the multiple-scattering calculations of Ref.the asymmetries. The energy-shifted DWIA predictions
[19] (not shown, which are quite similar to the calculations (chain-dashed ling@sprovide a reasonable fit to the data at
with the KTB model(solid lines. 180 MeV for both7* and 7™, although they predict deep
The calculations completely miss the unexpected negativeninima in thew™ cross section near 70° at 256 MeV where
asymmetries at scattering angles near 60T at142 and the data fall off gradually. The toy model prediction is gen-
180 MeV. All conventional model calculations predict posi- erally too large at angles less than80° for all energies
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FIG. 14. Experimental and theoretical angular distributions of
FIG. 13. Experimental and theoretical angular distributiolpf  dg/dQ for the elastic scattering af * (upper three panelsind ™~

for the elastic scattering af* (upper three paneland 7~ (lower (lower panel from polarized®He. The curves are as in Fig. 13 and
pane) from polarized®He. The data are from the experiments de- the data are as in Fig. 11.
scribed in this paper. The solid lines are from the first-order KTB

multiple-sc_attering model. '!'he dashed lines are from the hybrid Ag pointed out abovey scattering on the paired-off pro-
model, which uses the amplitudgsandg from the KTB model but 45 of the fully space-symmetric part of the ground state of
adds the DINT term t@ to account for thed-neutron interaction. 34+ ~onnat contribute to the first-order spin-dependent am-
except 256 MeV, indicating the effect of neglecting distor- plitude . .TO first order,G results only from scat.tering from
tion effects. the unpaired neutron, \_/vhereai'é has a large(first-orde)
component from scattering from the two protons and a small
one from scattering from the neutron. However, a large
second-order contribution t¢ arises if the intermediate
For r-nucleus scattering, large second-order effects mayA* *, generated with very high probability in™ scattering
be caused by thé-nucleus interaction when th&(1232 on one of the two protons, interacts with the polarized neu-
resonance dominates the elementampucleon interaction. tron. [Recall that for theA (1232 resonance ther-nucleon
(See Ref.[36] for a review of theA-hole model. In this  isospin coupling Clebsch-Gordan coefficients result in much
paper we specifically address the need for including darger scattering amplitude8 and G for =" elastic scatter-
A-neutron spin-spin interaction in calculations of asymme-ing on protons than on neutrons leading to the ratio of 9:1 in
tries. a*pl7" n differential cross sectionk.

B. Hybrid model
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—-0.5 :
T +(lab) = 180 MeV
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FIG. 15. Experimental and theoretical angular distributiodpf
for the elastic scattering af* (upper three paneland 7~ (lower
pane) from polarized®He. The data are from the experiments de-

scribed in this paper. The solid and dashed lines are from the firs
order KTB multiple-scattering predictions and hybrid model, re-
spectively, as shown in Fig. 13. The dotted lines are from the first

order KTB multiple-scattering model with the pion KE for the
elementarymN amplitudes shifted accordingly. The chain-dashe
lines are from the hybrid model using the “shifted” KTB ampli-
tudesF and G and adding the DINT term tg to account for a
second-ordeA-neutron interaction.

This is illustrated in Figs. @) and 12b), which show
the first- and second-order contributionsGtdor =" scatter-
ing. Although the second-order DINT contributidiig.
12(b)] is expected to be smaller than the first-order tgffig.
12(a)], the higher isospin coupling factor far" p over 7= n
scattering makes thA-neutron interaction term significant
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relative to the first-order term. For the™ case, the isospin
coupling (7~ n) coefficient is the same large value for the
first and second-order ternibigs. 12c) and 12d), respec-
tively]. Thus the contribution of the DINT term G is ex-
pected to be small relative to first-order effects in the
case.

The magnitude of the second-order contributiorGthas
been investigated by one of U8.K.J) using the simple
s-shell model for *He with Gaussian single-particle wave
functions. The rms radius of the nucleon distribution’tie
was kept fixed at the valuér?)¥?=1.65 fm obtained by
unfolding the finite proton size from the charge density of
3He [37]. This model employs the plane-wave impulse ap-
proximation for the second-order term and a meson ex-
change model for thd-neutron interaction, which includes
the neutralr, p, o, and » mesons. Meson exchange is indi-
cated by the wavy lines in Figs. @ and 12d). The meson-

A couplings were obtained from the meson-nucleon cou-
plings by use of S(B) symmetry and the naive quark model.
Two-nucleon correlations were included phenomenologi-
cally by multiplying the wave function with a Gaussian cor-
relation function that depends on the relative distance of the
interacting particles. The width of the correlation Gaussian
was kept fixed at a standard value of 0.75 [88]. The
resulting second-order term fhwas added to the first-order
multiple-scattering values faF and G obtained in the KTB
model.

The results of this “hybrid model” calculation are shown
in Fig. 13 (dashed lingsalong with the predictions of the
KTB model shown beforésolid lineg. The curves forr*
were obtained by fixing ther and » mesonA couplings at
the SU6) values(see Ref[39]) and performing a search on
the strengths of th@-A and w-A couplings. It was found
that a best fit to the asymmetry data occurs when these cou-
plings differ by roughly 20—30 % from their S8) values of
Ref.[39], which is within the commonly accepted value for
SU(3) symmetry breaking. For ther™ data, the meson-
couplings were held at the $6) value.

The hybrid model gives an improved fit to all the"
data. At 180 MeV the negativa, near 60° and the shift of
the positive maximum towards larger angles are reproduced.
At 142 MeV, the magnitude of the negativg near 60° is
not described as well, but is in better agreement with the data
than the KTB model. At 256 MeV, the model including the
DINT term is again in better agreement with the data than
the multiple-scattering calculation without it.

The hybrid model is not much different from the KTB
model in the case of the™ data. This is expected since the

Felative amplitude of thésecond-ordgrDINT term is small

compared to the first-order teritFig. 12. However, the

KTB model predicts values &, too small in amplitude and

4SO does the hybrid model.

The effect of theA® *-n interaction on the differential
cross sections is shown in Fig. 14. Fei" scattering, the
DINT term fills in the minima at 142 and 180 MeV, resulting
in improved fits. The DINT term slightly worsens the fit in
the minimum at 256 MeV. It has a very small effect on the
7~ Cross section at 180 MeV, again as expected.

C. Hybrid model predictions with energy shifts

As mentioned above, shifting the kinetic energy at which
the elementarymN amplitudes are calculateec20 MeV
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lower than the actual incident energy can improve the de
scription of the cross-section data in this energy region. Fo
example, Ref[40] obtained the best fit to elastitHe(w, )
scattering data by optical model calculations that use el
ementarywN amplitudes obtained with the energy shifted
down by AE=(T,+10 MeV)/10 for pion energies below
170 MeV and a constant value of 18 MeV for higher ener-
gies. This prescription is consistent with fits to data on a
variety of nuclei[41].

One of us(S.S.K) calculated “shifted” KTB amplitudes
usingAE=15 MeV for 142 MeV andAE=20 MeV at 180
and 256 MeV. Figure 15 shows the experimertaland the
predictions with the shifted KTB amplituddslotted lines.
The hybrid modelchain-dashed lingsvith energy shift uses
the amplitudesF and G from the KTB model with the
energy-shiftedmN amplitudes and adds the term for the ~~_
A-neutron interaction. Also shown for reference are the pre: =
dictions of Sec. V B for the KTB(solid lineg and hybrid
models (dashed lines obtained without the energy-shifted
amplitudes.

The dotted curves for the™ data were obtained with the
shifted KTB model and the chain-dashed curves were ob
tained in the shifted hybrid model with a new search on the
mesonA coupling strengths. Ther and » mesonA cou-
plings were held fixed at the S6) values and the strengths
of the p-A and w-A couplings were allowed to vary, as
described in Sec. V B. The best fit to the data was attaine:
with these couplings being very similar to those of the pre-
vious calculation.

Without DINT, neither the unshifte¢solid lineg nor the
shifted(dotted lineg KTB model can explain the negativs,
at angles near 60° in the* data. The shifted KTB model
for 7~ scattering gives largeA, than the unshifted predic-
tion, but still too small values compared to experiment.

The hybrid model with the energy-shifted KTB ampli-
tudes(chain-dashed lingdoes a better job than the hybrid
model without the shif{fdashed lingsin describing ther™*
data at 142 MeV. At 180 and 256 MeV, the effect of the
energy shift onA, is quite small so that the good fits ob-
tained without the energy shift are maintained.

The predictions for the differential cross sections are Gcm‘(deg)
shown in Fig. 16. At 142 MeV, the DINT terrtin both the
shifted and unshifted modgifills in the minimum of the FIG. 16. Experimental and theoretical angular distributions of
cross section for a better fit to the. data. At 180 MWO_ do/dQ for the eFI)astic scattering af * (upper thr%e panelsnd 7~
the KTB model _W'th the energy Slhlft.pI’OVIde.S Fhe beSF fit to (lower panel from polarized®He. The curves were calculated as
the data. Including a DINT term fills in the minima a bit too ¢, Fig. 15 and the data are the same as in Fig. 11.
much. At 256 MeV, all models predict a minimum which is

not seen in the data. For the  cross section, the KTB and )

hybrid models are similar in both the shifted and unshiftedorder DINT terms tend to cancel the effects obtained by the
cases, with the energy shift providing the better descriptior@dding theA-N Born term. Thus the discrepancies between
of the data. With the combination of the DINT term and thetheoretical and experimental vector analyzing powersrfor
energy shift in the elementasyN amplitudes, it appears that d are still unexplained. We note that a recent studymof
both theA, and cross-section data are fit much better tharphotoproduction orfHe [47] found that the inclusion of the

dQ (mb)

d

do/dQ (mb)

T —(lab) = 180 MeV ]
30 60 90 120 150

with the conventional models. DINT mechanism was important.
The need of including @-nucleon interaction has been
invoked previously in an analysigl2] of vector analyzing VI. CONCLUDING REMARKS

powers from «-d scattering[43,44. The =-d scattering

analysis added thA-N interaction in the Born term only to Further theoretical work is needed to determine whether
background few-body amplitudes. Later theoretical workour measuredA, can be explained by some aspect of the
[45,46 that included DINT to all orders found that higher- reaction mechanism or théHe wave function, which we
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