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Elastic scattering of polarized protons from 3He at 800 MeV
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Cross section, analyzing power, and spin transfer observables forp-3He elastic scattering have been ob-
tained using an 800-MeV polarized proton beam at the Los Alamos Meson Physics Facility~LAMPF!. The
results are compared with theoretical predictions for these observables using nonlocal optical potentials defined
by full folding a complex nucleon-nucleon~NN! effective interaction with a ground state3He wave function
given by a large space, shell model nuclear structure calculation. The effectiveNN interaction has been derived
from complexNN potentials that fit the~complex! NN scattering phase shifts at 800 MeV.
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I. INTRODUCTION

Elastic scattering using the polarized proton as a pr
has been extensively studied over the years not only to
tract information about the spin dependence of the nuc
force but also to test the validity of various theoretical mo
els of nuclear structure and of reactions. As part of suc
general investigation, the three-nucleon systems,3H and
3He, are important nuclei for theoretical and experimen
studies. The prediction of the properties for the three-bo
nuclear system represents a challenging test for existing
oretical models, many of which are based on various type
three-body nuclear forces, that have been developed ove
years @1#. However, recently the shell model approach@2#
has been considered with such light mass systems and
good results for the structures have been obtained when l
basis spaces andNN G-matrix elements have been used. Th
has been so with proton scattering data analysis as well@3#.

There have been a limited number of measurements o
cross section and the analyzing power forp-3He elastic scat-
tering over the range of proton energies from 100 to 17
MeV @4#. The experimental data reported in this paper r
resents the first measurement of the cross section and
lyzing power for p-3He at 800 MeV. Also we report the
measurement of all of the Wolfenstein spin parameters
this reaction. Since Wolfenstein spin parameters~spin ob-
servables! are sensitive to the spin dependent part of
interaction, one hopes that measurements of these ob
ables will be helpful in better understanding the spin dep
dence of the nuclear forces.

It is now possible to predict observables from elas
proton-nucleus~p-A! scattering at energies from 40 to 80
MeV @3,5,6# in a manner consistent with that employed f
electron scattering. This has been accomplished by sol
the inhomogeneous partial wave Schro¨dinger equations
specified with complex, nonlocal, and energy dependent
tical potentials formed by full folding effectiveNN interac-
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e
x-
ar
-
a

l
y
e-
of
the

ry
ge
t

he

0
-
na-

r

e
rv-
-

g

p-

tions with nuclear one-body density matrix elements~OB-
DME!. To make predictions ofp-A scattering with this
approach, three basis aspects of the system under inves
tion must be specified. First, the description of the nucle
should be determined from a large scale structure calcula
that well describes the ground state properties. The sec
ingredient is the single particle~SP! ~bound state! wave func-
tions. Sensible OBDME and SP functions are those that w
reproduce the longitudinal form factors measured in elect
scattering. The final ingredient is the effectiveNN interaction
that is a complex function of energy and density, describ
the interaction between the incident and struck nucleons.
entire process leading to the complex nonlocal optical pot
tials is termedg folding; and details are given in a rece
review @7#.

To make such predictions forp-3He scattering we have
used the computer codes,DWBA98 andDWBB98 of Raynal@8#.
The major codeDWBA98 is based upon optical potentials d
fined in coordinate space and so the effective interac
must be cast as a sum of central tensor and two-body s
orbit components each having a radial variation that is a s
of Yukawa functions. Analysis of scattering data using th
program have always been reported for targets ranging
mass from 3 to 238 at energies of 65 and 200 MeV@5#, as
well as for the energy regime extensively studied with12C
@6#, 40 to 800 MeV. The high quality of the results neces
tated that this effective interaction be defined so that it rep
duces accurately the~momentum space! half-off-shell NN t
andg matrices on which it is based; the latter reflecting m
dium modifications due to Pauli blocking and the me
nuclear field within which the pair interact. Note that wi
p-3He elastic scattering, there are contributions from angu
momentum transfer~I! values of 0 and 1. The set withI
50 define the nonlocal optical potential. TheI 51 contribu-
tions are small@3# but are included in all the present re
sults as in Ref.@3# by using the distorted wave Bor
approximation.
©2002 The American Physical Society05-1
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For incident energies above the pion threshold ela
scattering may still be described by optical potentials. It h
been suggested@9# that these potentials be formed by foldin
relativistic density dependent effective interactions~Lorentz
invariant amplitudes! with relativistic nuclear structure wav
functions. However, based upon the success obtained u
the full folding ~nonrelativistic scattering! model to analyze
elastic scattering of 65 and 200-MeV protons from targ
ranging from3He to 238U @5# and also now forp-12C scat-
tering from 40 to 800 MeV@6#, we consider herein just wha
may be achieved with that approach in analyses of 800-M
p-3He scattering allowing minimal relativity. The proce
has been used@3# with some success to analyzep-3He scat-
tering data taken with 200 and 300 MeV incident prot
energies. Thus we have analyzed the present data usin
same structure for3He used in that study@3#. In particular
the OBDME have been taken from a~01214!hv shell
model calculation for the He isotopes@2#. Note that in all the
calculations leading to the results displayed, harmonic os
lator ~HO! SP wave functions as set by the shell model c
culations have been used.

In this paper, a complete set of data are presented
p-3He elastic scattering including the cross section, the a
lyzing power, and the spin transfer observables at 800-M
incident proton energy. The experimental data are both ta
lated ~Tables I and II! and shown in figures~Fig. 1 and 2!
wherein they are compared with theoretical predictions.

II. EXPERIMENTAL DETAILS

A detailed discussion of the experimental setup and
data acquisition procedures can be found in Ref.@10# and the
references cited therein. Thesep-3He elastic scattering dat
were obtained using the high resolution spectrometer~HRS!
at the Clinton. Anderson Los Alamos meson physics faci
~LAMPF!. The 800-MeV polarized proton beam was o
tained from the LAMPF linear accelerator. The proton be
polarization was measured upstream of the target by a po
imeter @11# that measured then ~normal to the scattering
plane! and s ~side to the beam direction! components of
beam polarization simultaneously. The magnitude of the p
ton beam polarization was determined by the quench me
@12# for the case where the beam was polarized in thl
~longitudinal! direction.

The liquid helium target, constructed at the high ene
physics laboratory at Stanford University, was lent by t
University of Virginia. Three target cells, liquid3He; super-
fluid 4He, and an empty cell to measure backgrounds, w
centered in an aluminum cylinder 6 ft high and 2 ft in diam
eter. The operation and characteristics of this target setu
discussed in detail by Meyer@13#. The thickness of the3He
target cell was 1.31860.015 cm corresponding to a targ
thickness of 0.10260.001 g/cm2 at the measured pressu
and temperature of the superfluid3He. The target cell has
aluminum windows, but large kinematic shifts easily sep
rate the elastic scattering peaks of27Al and 3He even down
to the laboratory angle of 5°. The contribution of the proto
aluminum inelastic scattering is quite small in the region
the elasticp-3He peak. It was not possible to measure t
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absolute cross section for thep-3He elastic scattering di-
rectly with this experimental setup. However, absolu
p-3He elastic scattering cross sections were obtained f
measurements of the relative cross sections for thep-3He
and p-p elastic scattering using a 0.14860.005-g/cm2 CH2

target and absolute cross sections forp-p elastic scattering
taken from the Arndt phase shift program@14#.

In the HRS facilities the scattered protons were focus
by a quadrupole magnet through a 232 in.2 acceptance into
a configuration of two dipole magnets~the HRS! that bent
the protons upwards by around 150° towards a array of
tectors that both defined focal plane and acted as a pr
polarimeter. The front array of detectors~drift chambers and
scintillators! determined the identities and trajectories of p
ticles at the exit of the HRS. These particles were then r
cattered by a carbon analyzer of known analyzing power,
the new trajectories of these identified particles were th
measured by a back array of drift chambers. The operatio
the focal plane polarimeter and the extraction of the scatte
beam polarization and spin dependent scattering observa
is discussed in detail by McClellandet al. @15#. The whole
HRS system of quadrupole magnets—two dipole magnet
and focal plane polarimeter was movable horizontally so t
these spin dependent observables could be studied at d
ent scattering angles.

The errors in the determination of the absolutep-3He
elastic scattering cross sections are dominated by the 6
error in the normalization factor used to convert an abso
p-p elastic scattering cross section to an absolutep-3He ab-
solute elastic scattering cross section. This error inclu
contributions from the CH2 target thickness 3.4%, thep-p
elastic scattering cross section 2.4%, thep-p analyzing
power 6.1%, and thep-p elastic scattering was measure
with a polarized beam locked in one normal orientation. T
errors in the measuredp-3He analyzing powers are mainl
statistical but include a 1% systematic error from the pro
beam polarization. The errors in the measured spin tran
observables are also mainly statistical but include uncert
ties in the beam polarization andp-3He analyzing power.
Most false asymmetries from the focal plane polarimeter
canceled to first order when the spin transfer observables
calculated from the difference between normal and reve
beam polarizations. The measured spin transfer observa
do not include a systematic error, estimated to be 0.05, fr
the uncertainty in the analyzing power of the focal pla
analyzer@23#.

III. THEORETICAL DETAILS

For sometime now the structure of3H and 3He have been
one of the successes of few body physics and of Fadd
approach in particular. However, it is instructive to consid
a shell model description of such light mass nuclei as t
approach offers an alternate means to investigate the co
lations in the wave functions that are naturally contained
the few body schemes. To be relevant this description m
give the basic static and reaction properties of the mas
nuclei in reasonable if not in good agreement with obser
5-2
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TABLE I. Cross section and analyzing power forp-3He elastic scattering at 800 MeV.

2t
(GeV/c)2

u lab

~deg!
ds/dt

@mk/~GeV/c)2] Ay6DAy
2t

(GeV/c)2
u lab

~deg!
ds/dt

@mk/(GeV/c)2# Ay6DAy

0.013 4.5 373.36644 0.27860.008 0.262 20.6 0.246860.02 0.04760.013
0.016 4.9 342.03640 0.30560.009 0.265 20.7 0.248760.02 0.06860.011
0.018 5.2 313.74637 0.32160.009 0.274 21.0 0.247860.02 0.14660.011
0.020 5.6 285.26634 0.32360.010 0.282 21.4 0.244060.02 0.22060.011
0.023 5.9 260.49631 0.34360.012 0.291 21.7 0.246860.02 0.30160.011
0.037 7.5 181.22618 0.38660.008 0.300 22.1 0.246860.02 0.35160.011
0.040 7.9 161.85616 0.41560.009 0.309 22.4 0.257360.02 0.40660.010
0.044 8.2 149.04615 0.40760.009 0.321 22.9 0.265860.02 0.48060.010
0.047 8.6 132.05613 0.41760.010 0.330 23.2 0.265860.02 0.47760.010
0.051 8.9 115.62612 0.42660.010 0.339 23.6 0.275360.02 0.50760.010
0.071 10.5 54.01564.4 0.43760.008 0.349 23.9 0.272460.02 0.51060.010
0.076 10.9 47.37064.0 0.42960.008 0.362 24.4 0.256360.02 0.54760.010
0.081 11.2 41.67463.4 0.45260.009 0.371 24.7 0.270560.02 0.55660.010
0.086 11.6 36.26363.0 0.45460.010 0.381 25.1 0.280160.02 0.56960.009
0.091 11.9 31.23262.6 0.43760.010 0.391 25.4 0.271560.02 0.54960.010
0.118 13.5 16.42361.3 0.41260.008 0.405 25.9 0.242160.02 0.56560.013
0.123 13.9 13.48061.1 0.41760.008 0.415 26.2 0.229760.02 0.55360.013
0.130 14.2 11.10760.90 0.40660.009 0.425 26.6 0.219360.017 0.56060.013
0.136 14.6 8.735560.72 0.38760.010 0.435 26.9 0.205060.016 0.56860.013
0.142 14.9 6.550160.55 0.37160.011 0.495 28.9 0.169960.013 0.52460.014
0.166 16.2 3.104260.24 0.31760.007 0.506 29.2 0.144360.011 0.52960.014
0.172 16.5 2.610560.20 0.27760.008 0.517 29.6 0.141460.011 0.51260.014
0.179 16.9 2.097960.16 0.26060.009 0.528 29.9 0.139560.011 0.48160.016
0.187 17.2 1.737260.13 0.25160.010 0.581 31.5 0.104460.008 0.48960.016
0.194 17.6 1.338560.10 0.18660.012 0.592 31.9 0.086460.007 0.51160.016
0.196 17.7 1.215160.09 0.19060.008 0.604 32.2 0.076960.006 0.46760.016
0.204 18.0 1.006260.08 0.13460.009 0.615 32.6 0.071260.006 0.45660.017
0.212 18.4 0.797460.06 0.10060.010 0.626 32.9 0.068360.006 0.44760.018
0.219 18.7 0.636060.05 0.05060.012 0.682 34.5 0.049460.004 0.45060.021
0.230 19.2 0.389260.03 0.01460.011 0.694 34.9 0.045660.004 0.45060.021
0.238 19.5 0.341760.03 0.00960.011 0.706 35.2 0.041860.003 0.42460.023
0.246 19.9 0.294360.02 20.02360.012 0.718 35.6 0.39660.024
0.254 20.2 0.265860.02 0.02060.013 0.730 35.9 0.37860.025
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results. The structure studies of Nvara´til and Barrett@2# show
satisfactory agreement.

The simplest shell model that may be constructed
these mass 3 nuclei is to take three nucleons in the 0s shell.
That model, however, does not involve correlations in
ground state wave function that implicitly are included in t
solutions of the Faddeev equations. Such correlations ca
inherent in the shell model wave functions but only fro
shell model calculations made with much larger mo
spaces. Even so, convergence with basis size on some
erties is slow. For example, from calculations of the grou
state of the3He performed in a shell model including up
32hv excitations@2#, the binding energy is still a few percen
away from the exact value given by the Faddeev solution
the specifiedNN interaction. However, the binding energ
reflects the large distance properties of the ground state w
function. On the other hand, for the momentum transfer v
ues usually involved, most scattering processes are sens
to details of the wave functions within the body of th
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nucleus. Hence, the interest is in using a large space s
model wave function calculations of the elastic scattering
electrons and protons from3He. Recently@3# wave functions
for the ground states of3He and4He were defined within a
complete (01214) hv shell model using theG-matrix in-
teraction of Zhenget al. @16#. The shell model codeOXBASH

@17# was used to obtain those wave functions; and the w
function of the ground state of3He is segmented as

uC~3He!590.21%u0\v&12.39%u2\v&17.40%u4\v&.

The lack of convergence in the binding energies with t
wave function is demonstrated in the strength of the 4\v
component relative to that of the 2\v one. But the essentia
aspect is that this wave function well describes the ma
properties of the3He ground state measured by electron el
tic scattering and, at lower energies, proton elastic scatte
@3#.
5-3
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TABLE II. The spin transfer observales forp-3He elastic scattering at 800 MeV.

2t
(GeV/c)2 Dss 2Dsl Dll Dls Dnn

0.016 0.97260.025 0.07460.035 0.89760.033 0.09860.023 0.96160.036
0.041 0.89160.020 0.15060.028 0.81760.029 0.19160.020 1.01560.032
0.078 0.85960.022 0.23060.031 0.78060.029 0.27160.029 1.02660.033
0.125 0.87260.022 0.33660.029 0.77160.028 0.39060.021 0.98760.033
0.183 0.84360.026 0.54560.033 0.74260.028 0.48560.021 0.97860.034
0.250 0.50760.036 0.53460.044 0.52460.044 0.59860.036 0.96560.041
0.287 0.26260.038 0.55960.046 0.22860.044 0.58660.036 0.85560.058
0.326 0.36960.028 0.59060.033 0.54360.030 0.52260.029
0.410 0.49460.027 0.57360.030 0.54560.028
0.501 0.54460.037 0.57160.040 0.58960.028
0.599 0.59360.028 0.58360.030 0.52760.029 0.64060.028
0.702 0.49660.069 0.62760.071 0.58260.037 0.74160.036
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The Zheng interaction@16# has a unique property no
found in the usual~phenomenological! interactions. It is de-
fined by theG-matrix elements of a realisticNN potential
that requires specification of HO SP wave functions at
outset. Thus, in principle, there are no parameters left
adjustment in making analyses of electron and proton s
tering observables. The longitudinal form factor for elas
scattering of electrons found using the specified single p
ticle wave functions@3# is almost an exact reproduction o
the data, but the transverse~magnetic! form factor for elec-
tron scattering from3He is underpredicted by an order o
magnitude. However, this magnetic form factor has a sm
magnitude compared to the longitudinal form factor. T
proton scattering data from3He at 200 and 300 MeV were
also analyzed in the same study@3#. Such analyses requir
the additional specification of the~complex and nonlocal!
optical potential, which was derived from the self-sam
g-folding approach that we adopt herein. That description
also parameter free, and the predictions for the 200 and
MeV proton scattering observables agreed well with data@3#.

FIG. 1. The cross sectionds/dV, analyzing powerAy , and the
Dnn spin transfer observable forp-3He elastic scattering at 80
MeV along with the theoretical predictions.
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Those results encourage credence in use of many body m
ods to give a quality description of3He within at least the
central region of the nucleus, so long as the structure mo
is defined by a large basis space model.

A realistic microscopic model ofp-A reactions is one
based uponNN t matrices whose on-shell values are cons
tent with measuredNN scattering data to and above the i
cident energies of interest. Below pion threshold, the p
nomenology of theNN interactions is relatively simple, an
several one boson exchange potential~OBEP! models@18#
have been found that provide very good fits toNN phase shift
data. That is not the case above pion threshold, as inela
channels open and resonance scattering occurs. Simple
tentials must be varied to account for the various meson p
duction thresholds and also to account for effects of kno
@P33(1232)(D) andP11(1440)(N* )# resonance structures i
the NN system. There exist extensions to OBEP models t
incorporate resonance and particle production@19# and with
which someNN and NNp data up to 1 GeV may be ex
plained. TheNN phase shifts above pion threshold foun

FIG. 2. The spin transfer observablesD11, D1s , Ds1 , andDss

for p-3He elastic scattering at 800 Mev along with the theoreti
predictions.
5-4
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ELASTIC SCATTERING OF POLARIZED PROTONS . . . PHYSICAL REVIEW C 65 034005
with these models are better than any from standard OB
but as yet they are not adequate in a number of impor
channels. However, the characteristics of the experime
NN scattering amplitudes up to 2.5 GeV are consistent w
the optical potential concept. Recently@20#, the SM97 data
@21# has been interpreted very well by a basic OBEP sup
mented by sensible complex optical potentials. With
OBEP component established by the fits its use gave w
data below 300 MeV, the supplementingNN optical poten-
tials reflected the effects of theP33(1232) andP11(1440)
resonances in several partial waves. The version found u
the coupled channel Bonn III~BCC3! OBEP model@18# as
the basic interaction has been used in the present calc
tions.

Effective interactions that accurately map the associa
NN t matrices on shell are then the input for the foldi
model of thep-A optical potentials. Also, as Ray@22# sug-
gests, the effects of Pauli blocking may be still important
800 MeV. We have solved the Bethe-Breuckner-Goldsto
BBG equations allowing for the Pauli blocking~and for a
mean field in the propagators! to define theNN G matrices
for the complexNN interactions. However, we do not fin
there to be any substantial effects of the nuclear med
upon the effective interactions at 800 MeV. The prescript
by which those effective interactions are given has b
found to be appropriate at lower energies@3,5,6#. Thet andg
matrices have been mapped into the coordinate space f
of effective interactions, appropriate for use in the co
DWBA98, to obtain solutions of the nonlocal Scho¨dinger
equations associated with the complex nonlocal optical
tentials resulting from theg-folding process.

IV. RESULTS AND DISCUSSION

The differential cross section, analyzing power, and
spin transfer observables forp-3He elastic scattering at 800
MeV proton incident energy are given in Tables I and
Comparison of experimental results with the theoreti
analyses made using theg-folding optical potential are pre
sented in Figs. 1 and 2.

In Fig. 1 the differential cross section, analyzing pow
and spin transfer observableDnn are compared with the re
sults found using theg-folding optical potential. Those pre
dictions are displayed by the solid curves. The cross sec
and analyzing power data span a scattering angle range
7° to 50° in the center-of-mass system, with the cross-sec
values from 30° onwards being of the order of 0.1 mb
Dashed vertical lines are given in each plot to note where
cross section has become that small, and to indicate w
our model calculation breaks down in comparison to m
sured values of the cross section. Indeed that is the case.
we define as the ‘‘credibility limit’’ of the theoretical analys
cl
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method used, and to that angle, the predicted cross se
agrees very well with the data. Small changes in calcula
phase shifts as would be brought by the uncertainties
specification of the nonlocal potential as well as by what o
could expect~or hope! from higher contributions will affect
the results at the larger scattering angles where the scatte
theory and/or the approximation inherent with its impleme
tation are not well defined. The calculated analyzing pow
agrees well with the data to 25° and trends towards the m
mum at 30° without reaching a null value. Over the range
to 30° the experimental data for the spin transfer observa
Dnn is practically 1.0 and the theoretical calculations rep
duce this behavior.

The other spin transfer observables,Dll , Dls , Dsl , and
Dss, are compared with the results of our calculations in F
2. Again the theory credibility limit~at 30°! is shown in each
panel by the vertical dashed lines. To that limit, the measu
spin observable values are in qualitative agreement with
trend of the calculations. In particularDll is well reproduced
while the calculations overpredict the measured values
bothD1s andDsl and underpredict the measuredDss values.

In summary, we have used the BCC3 boson excha
model NN interaction modulated byNN optical potentials
that reproduce the SM97NN scattering phase shifts to 2.
GeV to specifyNN t andg matrices at 800 MeV. Coordinat
space effective interaction forms that map thoset andg ma-
trices have been determined and then used in ag-folding
process to specify a complex and nonlocal optical poten
for 800-MeV polarized protons incident on3He. The struc-
ture of the target nucleus used in that folding was determi
from a large space shell model calculation; and the gro
state wave function that leads to an electron scattering
gitudinal form factor in good agreement with measured v
ues. Thereby all quantities required in the folding proce
have been present, allocating solutions of the associated
local p-3He Schro¨dinger equations predictive of the scatte
ing phase shifts and so of the differential cross sections
spin transfer observables. The predicted results agree rea
ably well with the observations for momentum transfer v
ues up to where the cross section has decreased to the
of 0.1 mb sr.
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