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Elastic scattering of polarized protons from *He at 800 MeV
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Cross section, analyzing power, and spin transfer observablgs-1bte elastic scattering have been ob-
tained using an 800-MeV polarized proton beam at the Los Alamos Meson Physics Fa@dlMPF). The
results are compared with theoretical predictions for these observables using nonlocal optical potentials defined
by full folding a complex nucleon-nucleoiNN) effective interaction with a ground statele wave function
given by a large space, shell model nuclear structure calculation. The effSi®iirgeraction has been derived
from complexNN potentials that fit thécomplex NN scattering phase shifts at 800 MeV.
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[. INTRODUCTION tions with nuclear one-body density matrix eleme(@B-
DME). To make predictions ofp-A scattering with this

Elastic scattering using the polarized proton as a probepproach, three basis aspects of the system under investiga-
has been extensively studied over the years not only to exion must be specified. First, the description of the nucleus
tract information about the spin dependence of the nucleaghould be determined from a large scale structure calculation
force but also to test the validity of various theoretical mod-that well describes the ground state properties. The second
els of nuclear structure and of reactions. As part of such @ngredient is the single particl&P (bound statewave func-
general investigation, the three-nucleon systert$,and tions. Sensible OBDME and SP functions are those that well
He, are important nuclei for theoretical and experimentareproduce the longitudinal form factors measured in electron
studies. The prediction of the properties for the three-bodycattering. The final ingredient is the effectiMél interaction
nuclear system represents a challenging test for existing théhat is a complex function of energy and density, describing
oretical models, many of which are based on various types dhe interaction between the incident and struck nucleons. The
three-body nuclear forces, that have been developed over titatire process leading to the complex nonlocal optical poten-
years[1]. However, recently the shell model approd@j tials is termedg folding; and details are given in a recent
has been considered with such light mass systems and vergview [7].
good results for the structures have been obtained when large To make such predictions fgr- He scattering we have
basis spaces aldN G-matrix elements have been used. Thatused the computer codesyBA98 andDwBB98 of Raynal[8].
has been so with proton scattering data analysis as[@gll The major code®wBsAgs is based upon optical potentials de-

There have been a limited number of measurements of thigned in coordinate space and so the effective interaction
cross section and the analyzing power fio?He elastic scat- must be cast as a sum of central tensor and two-body spin-
tering over the range of proton energies from 100 to 170®rbit components each having a radial variation that is a sum
MeV [4]. The experimental data reported in this paper rep-of Yukawa functions. Analysis of scattering data using this
resents the first measurement of the cross section and angrogram have always been reported for targets ranging in
lyzing power for p- He at 800 MeV. Also we report the mass from 3 to 238 at energies of 65 and 200 M&Y as
measurement of all of the Wolfenstein spin parameters fowell as for the energy regime extensively studied wita
this reaction. Since Wolfenstein spin paramet@gin ob- [6], 40 to 800 MeV. The high quality of the results necessi-
servables are sensitive to the spin dependent part of thetated that this effective interaction be defined so that it repro-
interaction, one hopes that measurements of these obsemtces accurately themomentum spagehalf-off-shell NN t
ables will be helpful in better understanding the spin depenandg matrices on which it is based; the latter reflecting me-
dence of the nuclear forces. dium modifications due to Pauli blocking and the mean

It is now possible to predict observables from elasticnuclear field within which the pair interact. Note that with
proton-nucleugp-A) scattering at energies from 40 to 800 p->He elastic scattering, there are contributions from angular
MeV [3,5,6) in a manner consistent with that employed for momentum transfefl) values of 0 and 1. The set with
electron scattering. This has been accomplished by solving: 0 define the nonlocal optical potential. The 1 contribu-
the inhomogeneous partial wave Sdfirmer equations tions are small3] but are included in all the present re-
specified with complex, nonlocal, and energy dependent opsults as in Ref.[3] by using the distorted wave Born
tical potentials formed by full folding effectivBIN interac-  approximation.
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For incident energies above the pion threshold elasti@bsolute cross section for the*He elastic scattering di-
scattering may still be described by optical potentials. It.ha$ect|y with this experimental setup. However, absolute
been suggestd@] that these potentials be formed by folding p_3He elastic scattering cross sections were obtained from
relativistic density dependent effective interactidhsrentz  easurements of the relative cross sections forptite
invariant amplitudeswith relativistic nuclear structure wave and p-p elastic scattering using a 0.14®.005-g/crd CH,
the full foldi lativisti tteri del | '?grget and absolute cross sections [iep elastic scattering

€ lultto mg_(nonre ativistic scatteringmodel to analyze taken from the Arndt phase shift progrdiv].

E|aSt.'C scattesrlng °f236% and 200-MeV protons fggm targetS | the HRS facilities the scattered protons were focused
ranging from>He to 5] and also now forp-_ C scat- by a quadrupole magnet through &2 in.? acceptance into
tering from 40 1o 800 MeV6], we con§|der herein just what configuration of two dipole magnetthe HRS that bent
may be achieved with that approach in analyses of 800-Me he protons upwards by around 150° towards a array of de-

3 . . . . ..
p-"He scattering allowing minimal relativity. The process tectors that both defined focal plane and acted as a proton

has been usefB] with some success to analype®He scat- - ;
) . ARE polarimeter. The front array of detectdidrift chambers and
tering data taken with 200 and 300 MeV incident proton cintillatorg determined the identities and trajectories of par-

energies. Thus we have ana_\lyzed the present datg using tﬁgles at the exit of the HRS. These particles were then res-
same structure fofHe used in that studfg]. In particular cattered by a carbon analyzer of known analyzing power, and
the OBDME have been taken from (®+2+4)77_‘° shell the new trajectories of these identified particles were then
model c.alculatlor] for the He |sotopE$]. Note that in aII' the .measured by a back array of drift chambers. The operation of
calculations leading to th_e results displayed, harmonic OSCII'Ehe focal plane polarimeter and the extraction of the scattered
Iator_(HO) SP wave functions as set by the shell model Cal'beam polarization and spin dependent scattering observables
culatlon.s have been used. is discussed in detail by McClellargt al. [15]. The whole

3In this paper, a cpmplete ;et of data are p'resented fc1£|RS system of quadrupole magnets—two dipole magnets—
p-“He elastic scattering including the cross section, the anay, 4| plane polarimeter was movable horizontally so that

!yzi_ng power, and the spin transfe_r observables at 800-Me hese spin dependent observables could be studied at differ-
incident proton energy. The experimental data are both tabué-m scattering angles.

lated (Tables | and Il and shown in figuresFig. 1 and 2 The errors in the determination of the absolgte’He

wherein they are compared with theoretical predictions. elastic scattering cross sections are dominated by the 6.9%
error in the normalization factor used to convert an absolute

Il. EXPERIMENTAL DETAILS p-p elastic scattering cross section to an absopsftHe ab-
solute elastic scattering cross section. This error includes

A detai!e_d. discussion of the experimental setup and theqniributions from the Chitarget thickness 3.4%, the-p
data acquisition procedures can be found in REJ] and the  g|5stic scattering cross section 2.4%, thep analyzing

references cited therein. Thepe®He elastic scattering data power 6.1%, and the-p elastic scattering was measured
were obtained using the high resolution spectromét#®?S) \yith a polarized beam locked in one normal orientation. The
at the Clinton. Anderson Los Alamos meson physics facilitygrrors in the measurep-3He analyzing powers are mainly
(LAMPF). The 800-MeV polarized proton beam was ob- iatistical but include a 1% systematic error from the proton
tained from the LAMPF linear accelerator. The proton beamyeam polarization. The errors in the measured spin transfer
polarization was measured upstream of the target by a polagpseryables are also mainly statistical but include uncertain-
imeter [11] that_ measured the (no_rma_l to the scattering ties in the beam polarization arg+3He analyzing power.
plang and s (side to the beam directioncomponents of ot false asymmetries from the focal plane polarimeter are
beam polarization simultaneously. The magnitude of the proganceled to first order when the spin transfer observables are
ton beam polarization was determined by the quench methogcyjated from the difference between normal and reverse
[12] for the case where the beam was polarized in lthe peam polarizations. The measured spin transfer observables

(longitudina) direction. _ do not include a systematic error, estimated to be 0.05, from
The liquid helium target, constructed at the high energyhe yncertainty in the analyzing power of the focal plane
physics laboratory at Stanford University, was lent by theanalyzer[23].

University of Virginia. Three target cells, liquitHe; super-
fluid “He, and an empty cell to measure backgrounds, were
centered in an aluminum cylinder 6 ft high and 2 ft in diam-
eter. The operation and characteristics of this target setup is
discussed in detail by Meyé.3]. The thickness of théHe For sometime now the structure ¢ and®He have been
target cell was 1.3180.015 cm corresponding to a target one of the successes of few body physics and of Faddeev
thickness of 0.1020.001 g/cmd at the measured pressure approach in particular. However, it is instructive to consider
and temperature of the superfluftie. The target cell has a shell model description of such light mass nuclei as this
aluminum windows, but large kinematic shifts easily sepa-approach offers an alternate means to investigate the corre-
rate the elastic scattering peaks?dAl and *He even down lations in the wave functions that are naturally contained in
to the laboratory angle of 5°. The contribution of the proton-the few body schemes. To be relevant this description must
aluminum inelastic scattering is quite small in the region ofgive the basic static and reaction properties of the mass 3
the elasticp-®He peak. It was not possible to measure thenuclei in reasonable if not in good agreement with observed

Ill. THEORETICAL DETAILS
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TABLE I. Cross section and analyzing power for’He elastic scattering at 800 MeV.

—t 0|ab do/dt —t 9|ab do/dt

(GeVic)? (deg [mk/(GeVic)?] Ay+*AAy  (GeV/c)? (deg [mk/(GeVi)?] Ay+AAy
0.013 4.5 373.3644 0.278-0.008 0.262 20.6 0.24680.02 0.0470.013
0.016 4.9 342.03 40 0.305-0.009 0.265 20.7 0.24870.02 0.0680.011
0.018 5.2 313.74 37 0.3210.009 0.274 21.0 0.24780.02 0.146-0.011
0.020 5.6 285.26634 0.323:0.010 0.282 21.4  0.24400.02 0.22¢0.011
0.023 5.9 260.49 31 0.343-0.012 0.291 21.7 0.24680.02 0.3010.011
0.037 7.5 181.22 18 0.386:0.008 0.300 22.1 0.24680.02 0.35%0.011
0.040 7.9 161.8516 0.415-0.009 0.309 22.4  0.25730.02 0.406:0.010
0.044 8.2 149.04 15 0.4070.009 0.321 22.9 0.26580.02 0.48@:-0.010
0.047 8.6 132.0513 0.4170.010 0.330 23.2 0.26580.02 0.4770.010
0.051 8.9 115.62 12 0.426-0.010 0.339 23.6 0.27530.02 0.507%0.010
0.071 10.5 54.0154.4 0.4370.008 0.349 23.9 0.27240.02 0.516:0.010
0.076 10.9 47.3784.0 0.429-0.008 0.362 24.4 0.25630.02 0.5470.010
0.081 11.2 41.6743.4 0.452-0.009 0.371 24.7 0.27350.02  0.556:0.010
0.086 11.6 36.2683.0 0.454-0.010 0.381 25.1 0.2810.02  0.56%0.009
0.091 11.9 31.2322.6 0.4370.010 0.391 25.4 0.27350.02  0.54%0.010
0.118 135 16.4281.3 0.412-0.008 0.405 25.9 0.24210.02  0.565:0.013
0.123 13.9 13.4801.1 0.4170.008 0.415 26.2 0.22970.02 0.5530.013
0.130 14.2 11.10%0.90 0.406-0.009 0.425 26.6 0.21930.017 0.566:0.013
0.136 14.6 8.73550.72 0.3870.010 0.435 26.9 0.20500.016 0.5680.013
0.142 14.9 6.5501 0.55 0.371*+0.011 0.495 28.9 0.16990.013 0.5240.014
0.166 16.2 3.10420.24 0.3170.007 0.506 29.2 0.14430.011 0.52¢0.014
0.172 16.5 2.61050.20 0.2770.008 0.517 29.6 0.141#40.011 0.5120.014
0.179 16.9 2.09790.16 0.26-0.009 0.528 29.9 0.13950.011 0.4810.016
0.187 17.2 1.73720.13 0.25%*0.010 0.581 315 0.10440.008 0.48%0.016
0.194 17.6 1.33850.10 0.186:0.012 0.592 31.9 0.08640.007 0.5110.016
0.196 17.7 1.21510.09 0.19a-0.008 0.604 32.2 0.07690.006 0.4670.016
0.204 18.0 1.00620.08 0.134-0.009 0.615 32.6 0.07¥20.006 0.456-0.017
0.212 18.4 0.79740.06 0.106:0.010 0.626 32.9 0.06830.006 0.447%0.018
0.219 18.7 0.63660.05 0.05@:0.012 0.682 345 0.04940.004 0.456:0.021
0.230 19.2 0.38920.03 0.014-0.011 0.694 34.9 0.04560.004 0.456:0.021
0.238 19.5 0.341%0.03 0.00%0.011 0.706 35.2 0.04180.003 0.424:0.023
0.246 19.9 0.29480.02 —0.023+0.012 0.718 35.6 0.3960.024
0.254 20.2 0.26580.02 0.02@0.013 0.730 35.9 0.37280.025

results. The structure studies of Nvéirand Barret{2] show  nucleus. Hence, the interest is in using a large space shell
satisfactory agreement. model wave function calculations of the elastic scattering of
The simplest shell model that may be constructed forelectrons and protons frofHe. Recently3] wave functions
these mass 3 nuclei is to take three nucleons in eh@ll.  for the ground states oiHe and*He were defined within a
That model, however, does not involve correlations in thecomplete (O-2+4) 7w shell model using th&-matrix in-
ground state wave function that implicitly are included in theteraction of Zhenget al.[16]. The shell model codexBasH
solutions of the Faddeev equations. Such correlations can j&¢7] was used to obtain those wave functions; and the wave
inherent in the shell model wave functions but only from function of the ground state dHe is segmented as
shell model calculations made with much larger model
spaces. Even so, convergence with basis size on some prop
erties is slow. For example, from calculations of the ground
state of the®He performed in a shell model including up to
3279w excitationd 2], the binding energy is still a few percent ~ The lack of convergence in the binding energies with this
away from the exact value given by the Faddeev solution fowave function is demonstrated in the strength of théu
the specifiedNN interaction. However, the binding energy component relative to that of thefizo one. But the essential
reflects the large distance properties of the ground state wavaspect is that this wave function well describes the matter
function. On the other hand, for the momentum transfer valproperties of théHe ground state measured by electron elas-
ues usually involved, most scattering processes are sensitifie scattering and, at lower energies, proton elastic scattering
to details of the wave functions within the body of the [3].

[¥ (3He) = 90.219%40% w) + 2.39% 2% w) + 7.40%4 4% w).
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TABLE Il. The spin transfer observales fpr3He elastic scattering at 800 MeV.

—t

(GEV/C)Z Dss —Dy Dy Dis Dan
0.016 0.9720.025 0.0740.035 0.897%0.033 0.09&0.023 0.961%*0.036
0.041 0.8910.020 0.156:0.028 0.81%0.029 0.1910.020 1.0150.032
0.078 0.85%0.022 0.23&¢0.031 0.78@:0.029 0.271+0.029 1.026:0.033
0.125 0.8720.022 0.336:0.029 0.7710.028 0.39&:0.021 0.98%0.033
0.183 0.8430.026 0.545:0.033 0.742-0.028 0.4850.021 0.9780.034
0.250 0.50% 0.036 0.534:0.044 0.524-0.044 0.5980.036 0.965:0.041
0.287 0.262-0.038 0.55%0.046 0.2280.044 0.586:0.036 0.855:0.058
0.326 0.3650.028 0.59e:0.033 0.54%0.030 0.52Z0.029

0.410 0.4940.027 0.57%0.030 0.545:0.028

0.501 0.5440.037 0.5710.040 0.58%0.028

0.599 0.593%0.028 0.5830.030 0.527#0.029 0.646:-0.028

0.702 0.496:0.069 0.627%0.071 0.582-0.037 0.7410.036

The Zheng interactio16] has a unique property not Those results encourage credence in use of many body meth-
ods to give a quality description dHe within at least the

central region of the nucleus, so long as the structure model
that requires specification of HO SP wave functions at theds defined by a large basis space model.

found in the usual{phenomenologicalinteractions. It is de-
fined by theG-matrix elements of a realistibIN potential

outset. Thus, in principle, there are no parameters left for A realistic microscopic model op-A reactions is one
adjustment in making analyses of electron and proton scabased uporNN t matrices whose on-shell values are consis-
tering observables. The longitudinal form factor for elastictent with measuredIN scattering data to and above the in-
scattering of electrons found using the specified single pareident energies of interest. Below pion threshold, the phe-
ticle wave functiond 3] is almost an exact reproduction of nomenology of theNN interactions is relatively simple, and
the data, but the transvergmagneti¢ form factor for elec- several one boson exchange potent@BEP models[18]

tron scattering fromPHe is underpredicted by an order of have been found that provide very good fitd\i phase shift
magnitude. However, this magnetic form factor has a smaltlata. That is not the case above pion threshold, as inelastic
magnitude compared to the longitudinal form factor. Thechannels open and resonance scattering occurs. Simple po-
proton scattering data frortHe at 200 and 300 MeV were tentials must be varied to account for the various meson pro-
also analyzed in the same stuf3]. Such analyses require duction thresholds and also to account for effects of known
the additional specification of thecomplex and nonlocal [P33(1232)(@A) andP41(1440)(N*)] resonance structures in
optical potential, which was derived from the self-samethe NN system. There exist extensions to OBEP models that
g-folding approach that we adopt herein. That description isncorporate resonance and particle producfit® and with

also parameter free, and the predictions for the 200 and 30@hich someNN and NN7# data up to 1 GeV may be ex-
MeV proton scattering observables agreed well with fiata  plained. TheNN phase shifts above pion threshold found
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FIG. 1. The cross sectictho/d(2, analyzing poweA,, and the
D, spin transfer observable fqu-®He elastic scattering at 800
MeV along with the theoretical predictions.

FIG. 2. The spin transfer observablBsg;, Ds, Dg;, andDgg
for p-3He elastic scattering at 800 Mev along with the theoretical
predictions.
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with these models are better than any from standard OBERethod used, and to that angle, the predicted cross section
but as yet they are not adequate in a number of importardgrees very well with the data. Small changes in calculated
channels. However, the characteristics of the experimentadhase shifts as would be brought by the uncertainties in
NN scattering amplitudes up to 2.5 GeV are consistent withspecification of the nonlocal potential as well as by what one
the optical potential concept. ReceniB0], the SM97 data could expecior hope from higher contributions will affect
[21] has been interpreted very well by a basic OBEP supplethe results at the larger scattering angles where the scattering
mented by sensible complex optical potentials. With thetheory and/or the approximation inherent with its implemen-
OBEP component established by the fits its use gave withation are not well defined. The calculated analyzing power
data below 300 MeV, the supplementiidN optical poten- agrees well with the data to 25° and trends towards the mini-
tials reflected the effects of thBy3(1232) andP41(1440) mum at 30° without reaching a null value. Over the range up
resonances in several partial waves. The version found usirig 30° the experimental data for the spin transfer observable
the coupled channel Bonn I[BCC3) OBEP model[18] as D, is practically 1.0 and the theoretical calculations repro-
the basic interaction has been used in the present calculduce this behavior.
tions. The other spin transfer observabl&s,, D\, Dy, and
Effective interactions that accurately map the associate® g, are compared with the results of our calculations in Fig.
NN t matrices on shell are then the input for the folding 2. Again the theory credibility limitat 309 is shown in each
model of thep-A optical potentials. Also, as Rg®2] sug-  panel by the vertical dashed lines. To that limit, the measured
gests, the effects of Pauli blocking may be still important atspin observable values are in qualitative agreement with the
800 MeV. We have solved the Bethe-Breuckner-Goldstonerend of the calculations. In particul@y, is well reproduced
BBG equations allowing for the Pauli blockingnd for a  while the calculations overpredict the measured values of
mean field in the propagators define theNN G matrices  both D, andDg; and underpredict the measurBd, values.
for the complexNN interactions. However, we do not find In summary, we have used the BCC3 boson exchange
there to be any substantial effects of the nuclear mediunmodel NN interaction modulated byNN optical potentials
upon the effective interactions at 800 MeV. The prescriptionthat reproduce the SM9RN scattering phase shifts to 2.5
by which those effective interactions are given has beerGeV to specifyNN t andg matrices at 800 MeV. Coordinate
found to be appropriate at lower energj8s,6. Thetandg  space effective interaction forms that map thosedg ma-
matrices have been mapped into the coordinate space formsces have been determined and then used wpfalding
of effective interactions, appropriate for use in the codeprocess to specify a complex and nonlocal optical potential
DWBA98, to obtain solutions of the nonlocal Salinger for 800-MeV polarized protons incident citle. The struc-
equations associated with the complex nonlocal optical poture of the target nucleus used in that folding was determined

tentials resulting from th@-folding process. from a large space shell model calculation; and the ground
state wave function that leads to an electron scattering lon-
IV. RESULTS AND DISCUSSION gitudinal form factor in good agreement with measured val-

) . . . ues. Thereby all quantities required in the folding process
The differential cross section, analyzing power, and the,,ye peen present, allocating solutions of the associated non-
spin transfer observables fpr°*He elastic scattering at 800- |ocq p-2He Schidinger equations predictive of the scatter-
MeV proton incident energy are given in Tables | and Il. 5 hhase shifts and so of the differential cross sections and
Comparison of experimental results with the theoreticalgyin transfer observables. The predicted results agree reason-
analyses made using tigefolding optical potential are pre-  ghy well with the observations for momentum transfer val-

sented in Figs. 1 and 2. , _ ues up to where the cross section has decreased to the order
In Fig. 1 the differential cross section, analyzing power,q¢ 9 1 mp sr.

and spin transfer observahlz,, are compared with the re-
sults found using thg-folding optical potential. Those pre-
dictions are displayed by the solid curves. The cross section
and analyzing power data span a scattering angle range from The authors would like to thank LAMPF for technical

7° to 50° in the center-of-mass system, with the cross-sectioand financial support. This work was supported by the U.S.
values from 30° onwards being of the order of 0.1 mb/srDepartment of Energy, Nuclear Physics Division under
Dashed vertical lines are given in each plot to note where th€ontract Nos. DOE-AT03-81ER40027 and DERG-0588-
cross section has become that small, and to indicate wheER40390. M.G. is grateful to the Faculty of Life Sciences-
our model calculation breaks down in comparison to meaRMIT-University for travel Grant Nos. 1999 and 2000. The
sured values of the cross section. Indeed that is the case. Thiseoretical part of this research was supported by a research
we define as the “credibility limit” of the theoretical analysis grant from the Australian Research Council.
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