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Cross section and induced polarization in3He elastic scattering at 443 MeV

J. Kamiya,1,* K. Hatanaka,1,2,† T. Adachi,2 K. Fujita,1 K. Hara,1 T. Kawabata,3 T. Noro,4 H. Sakaguchi,5 N. Sakamoto,1

Y. Sakemi,1 Y. Shimbara,2 Y. Shimizu,1 S. Terashima,5 M. Uchida,5 T. Wakasa,1,‡ Y. Yasuda,5 H. P. Yoshida,1 and M. Yosoi5
1Research Center for Nuclear Physics, Osaka University, Ibaraki, Osaka 567-0047, Japan

2Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
3Center for Nuclear Study, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan

4Department of Physics, Kyushu University, Hakozaki, Fukuoka 812-8581, Japan
5Department of Physics, Kyoto University, Kyoto 606-8502, Japan

~Received 24 March 2003; published 27 June 2003!

Angular distributions of the differential cross section and the induced polarization of3He elastic scattering
on 12C, 58Ni, and 90Zr targets were measured at 443 MeV incident energy. This is the first measurement of
3He spin observables at intermediate energies. Cross sections and polarizations were measured in the range of
center-of-mass angles of 5° –30° and 5° –20°, respectively. The polarization was measured with the focal
plane polarimeter system of the Grand Raiden spectrometer, which was calibrated for3He at the present
energy. The optical potential parameters including the spin-orbit term were determined by a systematic search
procedure. The diffuseness parameter of the spin-orbit potential was about 0.6–0.8 fm in contrast to much
smaller values of 0.2–0.3 fm reported at lower energies. The energy dependence of the reduced volume
integrals of the optical potential was found to be similar to that observed for protons at intermediate energies,
but the real potential terms were smaller. Single folding~SF! model calculations were performed and compared
with the experimental data. We found that the renormalization factors used to modify the SF potential were
necessary in order to obtain a good fit to the data. These results call for an appropriate density dependent
nucleon-nucleus interaction in the3He nucleus.
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I. INTRODUCTION

One of the main subjects in nuclear physics is the und
standing of the nature of nuclear interactions and nuc
phenomena based on the fundamental Hamiltonian. A n
generation of realistic nucleon-nucleon (NN) interactions
was developed by using meson exchange or other more
nomenological approaches@1–3#. These realistic two-
nucleon forces were successfully applied in the studies
few-nucleon systems where rigorous solutions of the Sch¨-
dinger equation were available~see Refs.@4,5#, and refer-
ences therein!. Nucleon- and nucleus-nucleus scattering ha
been studied well in the framework of both nonrelativis
and relativistic equations. Although the Hamiltonian of a s
tem can be written down for a many-body system, the st
solution cannot be obtained except for few-body syste
One approach of solving the many-body Schro¨dinger equa-
tion was to obtain the interaction by folding an effectiveNN
interaction with the nucleon densities of the colliding nucl
In this folding model approach, various effective interactio
@6–8# and their modifications in the nuclear matter@9# were
investigated. To include the medium modification, dens
dependent effective interactions were introduced in the
scription of the elastic scattering of light@10–12# and heavy
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ions @13,14#. These density dependent interactions were
veloped with finite-range exchange terms to provide ba
nuclear properties such as the binding energy of cold nuc
matter at the saturation density@15,16#.

Spin-dependent interactions in nucleon- and nucle
nucleus scattering are of special interest because they
closely related to both the nuclear structure and the reac
mechanism. Extensive studies of the spin-dependent inte
tion of protons and deuterons became possible due to
development of efficient polarized ion sources and soph
cated polarimeters. These experimental as well as theore
studies of many proton and deuteron polarization obse
ables cover a wide range of incident energies from sub-M
to several tens of GeV on a variety of nuclei~see Refs.
@17–22#, and references therein!. On the other hand, for
heavier projectiles with mass numbersA>3, measurements
of polarization observables are limited to low energies due
the lack of polarized ion beams, for example,3H (Elab
<17 MeV) @23,24#, 3He (Elab533 MeV) @25,26#, and 6,7Li
(Elab<50 MeV) @27,28#. Many interesting results were ob
tained from these studies. The optical model analyses of3He
elastic scattering at 33 MeV showed an anomalous pecu
ity that the diffuseness parameters of the spin-orbit poten
were extremely small, i.e., between 0.2 and 0.3 fm. The
sulting spin-orbit potential depths between 2 and 4 MeV
comparable with those expected from the simple fold
model @25,26#. The 3He spin-orbit potential seemed sharp
localized at the nuclear surface. In contrast, the spin-o
diffuseness parameters of tritons were found to be larger t
those of 3He and similar to those of protons (aso>0.4 fm)
@24,29#. Since the unpaired nucleon is a neutron for3He and
a proton for tritons, the difference in the diffuseness para

te,
a

a-
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eters could represent an isospin effect of the spin-orbit
tentials. However, it should be noted that the optical poten
parameters had, in general, large ambiguities at low ener
and could not be determined uniquely. For3He-nucleus elas-
tic scattering at intermediate energies, where only differen
cross sections were measured, optical model calculat
showed that the data were well reproduced without a s
orbit term@30#. The spin-orbit term of the optical potential
therefore experimentally not yet determined.

A volume integral of a potential that is not significant
affected by a continuous ambiguity@31# of each potential
parameter was proposed to investigate the systematic be
ior of the optical potential. However, so-called discrete a
biguities remained in the3He optical potential parameters
low incident energies up to 40 MeV/nucleon@32#. Two dif-
ferent sets of parameters reproduced experimental
equally well. One of them gave larger values of the volu
integral per nucleon of the real central potential,JR /APAT
'440 MeV fm3 ~deep potential!, and the other gave smalle
values'330 MeV fm3 ~shallow potential!. The deep poten-
tial set was considered to be more realistic, because vol
integrals calculated by folding nucleon-nucleus optical p
tentials were similar to those of the deep potential set. Ho
ever, it was found that the shallow potential reproduces
data better at backward angles for incident energies aro
30–40 MeV/nucleon. The investigation of volume integra
was extended to intermediate energies up to 150 M
nucleon@33#. The volume integrals of3He real central po-
tentials were found to decrease with increasing incident
ergies above 70 MeV/nucleon. This energy dependence
similar to that of protons at intermediate energies, althou
the volume integrals for3He were slightly smaller than fo
protons by 25–30 % at 150 MeV/nucleon. This suggests
the 3He-nucleus interaction could be roughly explained
the sum of the interactions between constituent nucleon
3He and the target nucleus. On the other hand, the imagi
potential of 3He at 150 MeV/nucleon gave only half th
value of the volume integral and generally also exhibite
different energy dependence than for protons. These re
are not fully understood as yet. The above discussion, h
ever, is only based on available cross section data for3He
scattering. A 3He particle with an incident energy of 15
MeV/nucleon has a large grazing angular momentum, e
nearly 60\ in a collision with a nucleus of mass numberA
;60. The measurement of polarization observables is in
pensable to better understand the interactions, since the
orbit potential, which can be pinned down by these obse
ables, will affect the resulting central potentials.

Folding model optical potentials are widely accepted
microscopical descriptions of the elastic scattering of co
pound nuclei@34#, because the nucleon-nucleus optical p
tentials in the single folding~SF! model, the nuclear densi
ties, and the effectiveNN interactions in the double folding
~DF! model are well known. Recently, the effects of the sp
orbit interactions on the elastic scattering of3He from
heavy-mass nuclei at intermediate energies have been
ied theoretically within the folding models@35#. Calculations
showed that the spin-orbit interaction had a large effect
the differential cross section over a wide range of scatte
06461
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angles. The predicted analyzing powers reached almost
maximal value ofAy51 at scattering angles around 20° –3
in the center-of-mass system. Such a large analyzing po
could allow for reliable investigations of the spin-orbit inte
action.

In the present study, we measured the angular distr
tions of the differential cross section and the induced po
ization of elastically scattered3He on 12C, 58Ni, and 90Zr
targets at 443 MeV. In Sec. II, details of the experimen
methods will be presented. In Sec. III, the experimental
sults are shown together with an optical model analysis
includes spin-orbit terms. In Sec. IV, the energy depend
volume integrals of the optical potential are discussed
compared to those of protons. We also compared the res
of the single folding model calculations with the measu
ments. Summary and conclusions follow in Sec. V.

II. EXPERIMENTAL METHOD

The measurements were performed at the Research
ter for Nuclear Physics, Osaka University. A3He21 beam
from an electron cyclotron resonance~ECR! ion source was
accelerated to 93 MeV by aK5120 MeV AVF ~azimuthally
varying field! cyclotron. The extracted beam was transpor
to a K5400 MeV ring cyclotron and accelerated to 44
MeV. This beam was achromatically transported to the tar
in the scattering chamber of the Grand Raiden spectrom
@36# through the in the west experiment hall beam line@37#.
The horizontal and vertical acceptance of the Grand Rai
spectrometer was set by a slit system to610 and640 mrad,
respectively. The beam current was measured by a Fara
cup in the scattering chamber. The maximum beam cur
on the target was about 40enA. The energy resolution in the
focal plane was 190 keV full width at half maximum due
the energy spread of the cyclotron beam because of the
romatic tuning of the WS beam line. In dispersive beam l
mode, a higher resolution can be achieved@38#, but for this
experiment the present resolution was sufficient.

Figures 1 and 2 show the schematic layout of the Gra
Raiden spectrometer and its focal plane~FP! detector and
focal plane polarimeter~FPP! system@39#, respectively.3He
particles scattered from the target nuclei were momen
analyzed by the Grand Raiden spectrometer and detecte
the FP detector system consisting of two multiwire dr
chambers~MWDCs! @40# and aDE plastic scintillator~see
Fig. 2!. The MWDCs were designed to measure both
positions and the angles of particles in the horizontal a
vertical planes.3He particles were identified by the time o
flight information measured between trigger signals and
rf pickup of the AVF cyclotron. The polarization of elast
cally scattered3He particles was determined in the FPP sy
tem by measuring the left-right asymmetry downstream o
second scatterer. The FPP system consisted of four MW
portional chambers~MWPCs!, the second scatterer as a
‘‘analyzer,’’ and a calorimeter which was specially design
for this experiment. Events scattered from the analyzer w
selected using the vertex position along the central orbi
the spectrometer, where the distance between the traject
2-2
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CROSS SECTION AND INDUCED POLARIZATION IN . . . PHYSICAL REVIEW C67, 064612 ~2003!
before and after the analyzer was minimum. The calorime
was designed to measure the total energy of the3He particles
scattered by the analyzer. It consisted of three planes of p
tic scintillators and was thick enough to stop all3He par-
ticles. The total energy was obtained by summing the e
gies deposited in the scintillators.3He particles scattered in
the analyzer were identified using theDE information in the
first plane of the calorimeter.

A. Effective analyzing power of the 3He polarimeter

Before the polarization measurements, the effective a
lyzing power of the FPP system was determined for3He.
Details of this calibration are described in Ref.@41#. Here,
we will summarize the procedure and results.3He particles
were polarized by scattering on the first target ‘‘polarizer.’’

D2

MP

D1

Q2

SX

Q1

DSR

FP

0 1 2 3mFPP

F.C.

Scattering

  Chamber

FIG. 1. Schematic layout of the Grand Raiden spectrometer
its FP detector and FPP system.

MWDC1,2

MWPC1

MWPC2

Analyzer

MWPC3

MWPC4

Calorimeter

Plastic

Scintillator

}

}

FP

FPP

CL1

CL2

CL3

FIG. 2. Detailed configuration of the focal plane~FP! detector
and the focal plane polarimeter~FPP! system.
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order to determine the effective analyzing power of the F
the polarization of the3He on the analyzer target had to b
determined. The absolute magnitude of the polarization w
measured by the double scattering method under the
reversal invariance condition, where the polarization
equivalent to the analyzing power@42#. If the conditions of
the first scattering are identical to those of the second s
tering, the absolute magnitude of the polarizationPy can be
obtained by measuring the left-right asymmetry in the s
ond scattering. The absolute polarization was measured
3He112C scattering at 7° in the laboratory frame. We use
30 mg/cm2 thick carbon foil and a carbon sheet with a thic
ness of 2 mm (375 mg/cm2) as a polarizer and an analyze
respectively. The absolute magnitude of the polarization w
determined to be

Py50.54760.01820.020
10.019, ~1!

where the first and second uncertainties are statistical
systematic errors, respectively. The systematic uncertain

d

FIG. 3. Typical excitation energy spectra of3He scattering from
58Ni nuclei.

FIG. 4. Measured differential cross sections of3He elastic scat-
tering from 12C, 58Ni, and 90Zr at 443 MeV incident energy are
represented by dots. The solid curves show the results of the op
model calculations whose parameters are given in Table II.
2-3
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arose mainly from the uncertainty in the3He energies of the
second scattering, because inelastic scattering events
not completely separated from elastic scattering events@41#.

With the absolute polarizationPy known, the effective
analyzing power of the FPP can be derived by

Ay
e f f5

1

Py
«5

1

Py

E
L
s~u2 ,f2!dV2E

R
s~u2 ,f2!dV

E
L
s~u2 ,f2!dV1E

R
s~u2 ,f2!dV

,

~2!

where the cross sections(u,f) of a beam with polarization
Py is related to the cross sections0(u) of an unpolarized
beam by

s~u,f!5s0~u!$11Ay~u!Pycosf%. ~3!

The asymmetry« was evaluated for the inclusive3He scat-
tering from the analyzer consisting of a plastic scintilla
with a thickness of 16 mm. Angular integrations in Eq.~2!
were performed over 5°<u2<12° for the polar angle and
260°<f2<60° for the azimuthal angle in the laborato
frame. The effective analyzing power was determined to

Ay
e f f50.23260.01020.015

10.017, ~4!

where the first and second uncertainties represent the s
tical and systematic errors, respectively. The systematic
certainties were estimated from those given in Eq.~1! for the
absolute polarization.

FIG. 5. The dots represent measured induced polarization
3He elastic scattering from12C, 58Ni, and 90Zr at 443 MeV inci-
dent energy. The solid curves show the results of the optical m
calculations whose parameters are given in Table II.
06461
ere

r

e

tis-
n-

The energy dependence of the effective analyzing po
was also measured by inserting an aluminum degrader do
stream of the wire chamber MWDC2 in order to change
3He particles energy at the center of the analyzer@41#. The
energy dependence ofAy

e f f was taken into account in the3He
elastic scattering on12C, where theAy

e f f varied about 6%
within the measured angular range. Because the chang
theAy

e f f was less than 1% for58Ni and 90Zr nuclei, we used
Ay

e f f given by Eq.~4!.

B. Cross section and induced polarization measurements

The differential cross section and the induced polarizat
were measured for3He112C, 58Ni, and 90Zr elastic scatter-
ing. Although the differential cross sections were measu
previously @33#, they had large statistical uncertainties
backward angles. Therefore, we measured the differen
cross section again with good statistics to determine the
tical potential parameters with better precision. The angu
distributions of the cross section and polarization were m
sured from 5° to 30° and from 5° to 15° in the laborato
frame, respectively. The thicknesses of the targets were
termined by weighing and were 100 mg/cm2 for both 58Ni
and 90Zr. We used an enriched 30-mg/cm2-thick target 12C
and several natural carbon targets with thicknesses betw
87 and 342 mg/cm2. The energy straggling in the thickes
target was about 700 keV. Figure 3 shows typical ene
spectra of3He particles scattered from the58Ni target. In this
case, the ground state was clearly separated from the
excited state.

III. EXPERIMENTAL RESULTS
AND OPTICAL MODEL ANALYSIS

The measured differential cross sectionsds/dV and in-
duced polarizationsPy in the center-of-mass system a

of

el

FIG. 6. Results of the systematic search to minimizex2 in the
case of3He158Ni elastic scattering. Left panel shows the cent
potential parameter search for the differential cross section, w
the right panel shows the spin-orbit parameter search for both
cross sections and polarizations. Open circles represent param
for the minimumx2 by allowing all the parameters to be varied.
2-4
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TABLE I. Optical potential parameters that give the minimumx2 in a fitting procedure of the experi
mental differential cross section data. The reducedx2 and volume integrals are also shown.

VR r R aR WI r I aI x2 JR,I /APAT

~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! (MeV fm3)

12C 19.73 1.592 0.705 37.76 0.989 0.868 0.35 152.2, 125.
58Ni 35.16 1.320 0.840 44.43 1.021 1.018 2.48 142.9, 109.
90Zr 31.20 1.363 0.818 42.06 1.044 1.055 5.18 129.8, 100.
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shown in Figs. 4 and 5, respectively, as closed circles
gether with statistical error bars. The differential cross s
tions for the 12C target in Fig. 4 were measured previous
@43#. In the present experiment, we repeated them at
same angles as the polarization measurements. Our re
agreed with the previous data within statistical uncertaint

Calculations were performed using the optical model co
ECIS88/95 @44#. The optical potential was written in th
Woods-Saxon form as

U~R!5UCoul~R!2VRf ~R;r R ,aR!2 iWI f ~R;r I ,aI !

1S \

mpcD 2 1

R

d

dR
$VR

sof ~R;r R
so,aR

so!

1 iWI
sof ~R;r I

so,aI
so!%L•s

5UCoul~R!1UR
c ~R!1 iU I

c~R!1$FR
so~R!

1 iF I
so~R!%L•s, ~5!

where

f ~R;r i ,ai !5@11exp$~R2r iAT
1/3!/ai%#21. ~6!

The parameterAT denotes the mass number of the targ
nucleus. The first termUCoul(R) represents the Coulom
potential between a uniformly charged sphere of rad
1.3AT

1/3 fm and a pointlike 3He particle. The second an
third terms represent the real and imaginary parts of the c
tral potential, respectively. A volume type potenti
2 iWI f (R;r I ,aI) was adopted for the imaginary central pa
The fourth term includes the real and imaginary parts of
spin-orbit~SO! potential. In the present analysis, we did n
include the other type of the spin-orbit force originating fro
the interaction between the magnetic moment of the s
tered particle and the Coulomb field of the target nucle
called the Mott-Schwinger interaction~MSI! @45# because its
effects are expected to be small in our case. The MSI
been investigated for neutron scatterings from the heavy
06461
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clei at forward angles@46,47#. The effective angular range o
the MSI is inversely proportional to the particle wave num
ber @45# and is therefore smaller than 2°, for90Zr at the
present energy of 443 MeV. In the case of charged-part
elastic scattering, the polarization at forward angles is e
smaller than for neutrons due to contributions from lar
spin-independent Coulomb scattering@48#.

The potential parameters were determined by fitting
experimental data so as to minimizex2 divided by the num-
ber of measurementsN ~reducedx-square!, which is defined
by

x25
1

N (
i 51

N S Oexp~u i !2Ocal~u i !

DOexp~u i !
D 2

, ~7!

where Oexp(u) denotes the experimental differential cro
section or the polarization, andOcal(u) the corresponding
observable calculated using the optical potential given by
~5!. The quantityDOexp(ui) is the statistical uncertainty o
the experimental data. Each potential parameter was d
mined in the following way. At first, the central potentia
parametersVR , r R , aR , WI , r I , andaI were determined by
fitting the differential cross section data. Following the pr
cedure described in Ref.@33#, minimum errors of 3% were
assumed for the experimental data with statistical errors
than 3% in order to obtain an overall fit in the whole angu
range. The left panel in Fig. 6 shows the results of a syst
atic search by minimizing the reducedx2 for 58Ni. The real
potential depthVR was varied between 5 MeV and 95 Me
in 10-MeV steps and in fine 5-MeV steps near the minimu
x2 value. For each real potential depthVR , the remaining
five parametersr R , aR , WI , r I , andaI were used to mini-
mize x2. The possible combinations of initial values fo
these five parameters were investigated by a grid search
cedure in order to avoid local minima. After this systema
search, the best-fit parameters were obtained allowing all
six parameters to be varied to obtain a minimumx2. The
open circles in the left panel of Fig. 6 show the best-fit o
n
TABLE II. Optical potential parameters of the central and spin-orbit terms which give the minimumx2 to the experimental cross sectio
and polarization. The reducedx2 for each observable and the reduced volume integrals are also shown.

VR r R aR WI r I aI VR
so r R

so aR
so WI

so r I
so aI

so xs
2 xPy

2 x2 JR /APAT JI /APAT

~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! (MeV fm3) (MeV fm3)

12C 19.14 1.600 0.702 38.06 0.999 0.869 1.10 0.945 0.79020.32 0.907 0.598 0.42 1.28 1.70 149.0 128.3
58Ni 32.67 1.331 0.825 51.17 0.991 1.056 0.69 1.038 0.62420.84 0.982 0.638 1.97 1.44 3.41 134.6 121.6
90Zr 29.58 1.363 0.818 47.59 1.031 1.065 0.60 1.052 0.62620.33 1.098 0.709 3.81 1.54 5.35 123.1 110.9
2-5
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TABLE III. Best-fit spin-orbit potential parameters forPy1DPy
sys andPy2DPy

sys.

Fitted VR
so r R

so aR
so WI

so r I
so aI

so

data ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

Py1DPy
sys 0.67 1.048 0.641 21.02 0.973 0.675

Py-DPy
sys 0.65 1.027 0.611 20.64 1.013 0.607
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tical potential parameters in this six-parameter search. T
I summarizes the parameters that gave the best fit of
differential cross section data for each target nucleus.

Subsequently, we included spin-orbit potentials to anal
both the differential cross section and the polarization d
The complex spin-orbit potentials with the full Thomas for
in Eq. ~5! were used. The right panel of Fig. 6 shows t
results of the minimumx2 procedure for the complex spin
orbit potentials. A systematic search was performed
changing the real spin-orbit depthVR

so in the 0.1-MeV step.
For eachVR

so value, seven parametersVR , WI , r R
so, aR

so,
WI

so, r I
so, and aI

so were optimized by minimizing thex2

value. The central potential depthsVR and WI in Table I,
which gave the best fit to the cross section data, were use
initial values. The remaining central potential parametersr R ,
aR , r I , and aI were fixed to the values given in Table
Possible combinations of spin-orbit parametersr R

so, aR
so,

WI
so, r I

so, andaI
so were investigated under the conditions th

the initial values for imaginary potential parameters were
same as those of the real potential. Finally, the best-fit
rameters were obtained allowing all the 12 parameters to
varied. The results are summarized in Table II. The spin-o
potential and the central potential depths are shown as o
circles in the right panel of Fig. 6. The diffuseness parame
of the spin-orbit potential was about 0.6–0.8 fm for all thr
nuclei at the present energy, and the anomalously small
ues around 0.2 fm, which was reported in studies at 33 M
@25,49#, could not describe the present data. The differen
cross section and polarization calculated with the parame
in Table II are compared with experimental results in Figs
and 5 showing, in general, a good agreement. We also in
tigated uncertainties of the spin-orbit potential parame
that could result from systematic uncertainties of the po
ization DPy

sys caused by errors ofAy
e f f in Eq. ~4!. The pos-

sible range of parameters was calculated assuming the la
polarization valuePy1DPy

sys and the smallest polarizatio
Py2DPy

sys. In this procedure, the central potential para
eters were fixed to the values in Table II. Table III summ
rizes the resulting spin-orbit parameters for the3He158Ni
elastic scattering measurements. The shaded bands in F
represent these ambiguities of the spin-orbit potentials.
noted that the real spin-orbit potential has a smaller un
tainty than the imaginary part and is well determined by
present study.

IV. DISCUSSION

A. Volume integral of the optical potential

Figure 8 shows the incident energy dependence of
reduced volume integrals per nucleon on the optical po
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tials for the 3He elastic scattering from56Fe and58Ni targets
~left panels! and from 90Zr ~right panels!. The upper panels
show the real partsJR /APAT and the lower panels show th
imaginary partsJI /APAT of the volume integrals. The hori
zontal axis represents the incident energies divided by
mass numbers of the projectiles. Open circles and square
the left panels show the volume integrals for58Ni and 56Fe,
respectively. Open circles in the right panels show the val
for 90Zr. Reduced volume integrals at low energies we
calculated using the shallow optical potential parameter s
For 58Ni nucleus, we refer to the results of the studies
incident energies ofE3He537 MeV @50#, 41 MeV @51#, 44
MeV @52#, 51 MeV @53#, 83.5 MeV@54#, 89 MeV, 109 MeV,
and 119 MeV@32#, 90 MeV @55#, 217 MeV @56#, 270 MeV
@57#, and 450 MeV@33#. The values in Ref.@52# for the 56Fe
nucleus atE3He514, 22, 34, 38, and 53 MeV were read fro
the figure, since numerical values were not given. For90Zr,
we used the results atE3He5109 MeV @30#, 119 MeV @58#,
130 MeV @59#, 217 MeV@56#, 270 MeV@57#, and 450 MeV
@33#. Open triangles show previous results obtained from
analysis of differential cross sections with the central pot
tials only @33#. The values corresponding to open stars in
lower panels were obtained by analyzing the present c
section data with a central potential only. The real volum
integrals from the present analysis are not shown beca
they have nearly the same values as the following resu
Closed circles show the results with the complex spin-o
potentials given in Table II. Solid curves indicate the volum
integrals of proton optical potentials that were calcula
from the global parametrization for incident energies b
tween 80 and 180 MeV@60# . Dashed curves show estimate
for the proton-40Ca elastic scattering from the experimen
results@61#. These estimates have been introduced in pre

FIG. 7. The range of the spin-orbit potential due to the syste
atic error ofPy is shown for the3He158Ni elastic scattering.
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ous works@32,33# to compare the energy dependences
JR,I /APAT for composite particles to those for protons. Do
ted curves at low energiesEp<50 MeV show results for
proton-nucleus scattering using the global parametrizatio
Becchetti and Greenlees@17#. The dot-dashed curve is mea
to guide the eye.

The real volume integralsJR /APAT at 150 MeV/nucleon,
which were obtained in the present work including the sp
orbit potential, are consistent with the results of a previo
analysis of the differential cross section@33# with the central
potentials only. On the other hand, the values of the ima
nary partsJI /APAT in the previous analysis are only half o
those for protons as can be seen from the open triangle
Fig. 8. TheJI /APAT values from the analysis of cross se
tions of this work~open stars!, measured up to larger sca

FIG. 8. The reduced volume integrals for56Fe and 58Ni are
shown in the panels on the left side and for90Zr on the right side as
a function of the incident energy per nucleon. Open triangles
resent previous results@33# obtained from the analysis of differen
tial cross sections. The open stars in the lower panels repre
JI /APAT obtained by analyzing only the cross section measure
the present experiment. The closed circles are the results o
present work obtained with the complex spin-orbit potentials. T
dotted, solid, and dashed curves show the reduced volume inte
of protons. The dot-dashed curve is only meant to guide the ey

He
3

Target

r

FIG. 9. Schematic representation of the Jacobi coordinates
in the SF model. The shaded circle represents ans-state neutron,
while the open circles represent a pair of protons that couple to
1S0 state.
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tering angles with sufficient statistics, have larger values t
the previous ones and are close to those for protons.

As for the incident energy dependence of the volume
tegrals, the real partsJR /APAT for 3He particles decreas
monotonically with the incident energy above 30 Me
nucleon. They become comparable to the values of proton
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FIG. 10. Here the same data as in Fig. 4 are shown, but with
results of the SF model calculations. The dashed curves show
calculations without renormalization, while the solid curves rep
sent the best-fit results obtained by optimizing renormalization f
tors.

FIG. 11. The same data as in Fig. 5 are shown, but with
results of the SF model calculations. For details, see the captio
Fig. 10.
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TABLE IV. The renormalization factors which give the minimumx2 value. The value ofx2 and reduced
volume integrals of the SF potentials after renormalization are also shown.

NR NI Nso xs
2 xPy

2 x2 JR,I /APAT

(MeV fm3)

12C 1.59 0.80 0.58 6.39 12.69 19.08 145.5, 149.5
58Ni 0.85 1.00 0.61 52.34 16.78 69.12 172.7, 105.3
90Zr 0.81 1.04 0.67 83.59 9.99 93.58 166.9, 105.0
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intermediate energies above 70 MeV/nucleon, where
binding energy of3He (EB57.72 MeV) is negligible, but
they are systematically smaller than those for protons.
imaginary partsJI /APAT show the same behavior as tho
for protons at all energies where experimental data exist.
differences between volume integrals of the real potentia
3He particles and protons could be an indication of the mo
fication of nucleon-nucleus interactions in the3He nucleus.

B. Single folding model analysis

From above results, it is interesting to compare the exp
mental data with SF model calculations. In this model,
3He-nucleus interaction is obtained by folding the nucleo
nucleus interaction by the nucleon density distribution
3He @35#.

The central component of the SF potential is evaluated

U (SF)
c ~R!5E r3He~r8!$vc~R2r8!1 iwc~R2r8!%dr8

5U (SF)R
c ~R!1 iU (SF)I

c ~R!, ~8!

wherevc andwc are the real and imaginary central parts
the proton-nucleus optical potential at the incident energy
Ep5E3He/ 35150 MeV. Proton potential parameters f
58Ni and 90Zr were taken from Ref.@60#. They determined
parameters from a systematic analysis of data for target m
number 24<A<208 at incident energies between 80 a
180 MeV. They extensively analyzed the analyzing powe
while proton optical potentials used in Ref.@35# were ob-
tained mainly from an analysis of the differential cross s
tions @18#. Potential parameters forp-12C at Ep5160 MeV
@62# were used to calculate the folding potentials of3He-12C.
The functionr3He in Eq. ~8! represents the point nucleo
density distribution of3He which is obtained by unfolding
that of a proton from the charge density distribution of t
3He determined by electron elastic scattering@63#.

Assuming that only thes-state neutron in3He contributes
to the spin-orbit SF potential, the spin-orbit component
written as

U (SF)
so ~R!5E f

3He

†
~r,r! f soS R1

2

3
rDf3He~r,r!drdr

3^hu ln•snuh&

5$F (SF)R
so ~R!1 iF (SF)I

so ~R!%L•s, ~9!
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wheref so represents the form factor of the protonl•s poten-
tial at the incident energy ofEp5E3He/ 3. The parameters in
f so were taken from the same Refs.@62,24# as those of the
central potentials for each target nucleus. Sincef so is com-
plex, the resulting spin-orbit componentF (SF)R,I

so (R) is also
complex in the SF model. Thef3He(r ,r) term represents the
internal wave function of3He, whileh is the product of the
spin and angular parts of the wave function of the3He
nucleus. We used the3He wave function in a Gaussian form
@64#. The vectorsr and r are the relative coordinates be
tween two protons and between the neutron and the cent
mass of the two protons in3He, respectively. The schemat
representation of the Jacobi coordinates is shown in Fig
The orbital angular momentum and the Pauli spin operato
the neutron in3He are denoted byln and sn , respectively,
while the corresponding operators in the3He-target system
are represented byL ands.

The total SF potential reads

U (SF)~R!5UCoul~R!1NRU (SF)R
c ~R!1 iNIU (SF)I

c ~R!

1Nso$F (SF)R
so ~R!1 iF (SF)I

so ~R!%L•s, ~10!

FIG. 12. Comparison of the spin-orbit potentials of optic
model with those of SF model. Solid and dashed curves are
results of the optical model and SF model, respectively.
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CROSS SECTION AND INDUCED POLARIZATION IN . . . PHYSICAL REVIEW C67, 064612 ~2003!
where the renormalization factors (NR ,NI ,Nso) are intro-
duced to modify the strength of the corresponding term.

In Figs. 10 and 11, calculated differential cross sectio
and induced polarizations with the SF potentials are co
pared with the experimental data, respectively. The das
curves are predictions without renormalization, i.e.,NR5NI
5Nso51. The solid curves are the best-fit results allowi
the renormalization factors to be varied in order to minim
the x2 value. Resulting renormalization factors are summ
rized in Table IV together with reduced volume integrals.

The SF model calculations without renormalization ov
estimated the experimental cross sections for58Ni and 90Zr.
Thus, the real central terms had to be modified by 15–2
to obtain best-fits, while the imaginary central potentials
not need to be modified. The volume integrals of the real
potential for 58Ni and 90Zr were JR /APAT5203 and 206,
respectively, without renormalization. These values w
renormalized to 173 and 167, respectively. The difference
JR /APAT from protons described in Sec. IV A were part
compensated by renormalization. For12C, the optimum
renormalization factors were very different from the oth
heavier nuclei. The real potential was strengthened by 6
and the imaginary potential was reduced by 20%. This mi
result from the fact that thep-12C optical potential is usually
not well described by the global parametrization. The
spin-orbit potentials were reduced by 30–40 % to give b
fits for all nuclei. The spin-orbit optical potentials are show
in Fig. 12 and are compared with the SF potentials. It can
seen that the optical potentials do not have sharp peaks a
surface, unlike at low energies@26#, but they have broad
shapes similar to the SF potentials. By introducing the ren
malization factors the experimental data were generally w
reproduced, except for the cross section at backward an
for 58Ni and 90Zr, where the calculations underestimated t
data. Such a discrepancy was also reported in a prev
analysis@35#. The necessity of renormalization may be a
tributed to the fact that the SF potential does not include
density dependence of the nucleon-nucleus interaction in
3He nucleus. A DF model with density dependent effect
interactions was recently applied to3He elastic scattering
@35,65#. The resulting renormalization factors were close
unity when the density dependence of the effectiveNN inter-
actions was properly taken into account. The above disc
sion of the SF model is consistent with the conclusions of
DF model.

V. SUMMARY AND CONCLUSION

The angular distributions of differential cross sections a
induced polarizations for3He elastic scattering from12C,
d
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58Ni, and 90Zr targets were measured at an incident ene
of E3He5443 MeV. Cross sections were measured at labo
tory angles 5°,u lab,30° and polarization parameters
5°,u lab,15°. The polarization was measured using the
cal plane polarimeter system of the Grand Raiden spectr
eter that was calibrated for3He at the present energy.

The optical potential parameters including the spin-or
term were determined by a systematic analysis. Resul
optical model calculations described well both the expe
mental cross sections and polarizations. The diffuseness
rameter of the spin-orbit potential was about 0.6–0.8 f
which was similar to the values for protons in contrast to
much smaller values reported at lower energies. Volume
tegrals of the central potentials showed a similar energy
pendence compared to protons above 70 MeV/nucleon
though the real terms were smaller than those for proto
The SF model predictions were compared with the exp
mental data. The SF potentials had to be renormalized
order to reproduce the experimental data well. It may
necessary to take into account the density dependence o
nucleon-nucleus interaction in the3He nucleus. It is interest-
ing to compare the present data to theoretical prediction
the double folding model employing density dependent
fective interactions.

This is the first measurement of polarization observab
of 3He-nucleus scattering at intermediate energies. In or
to investigate spin-dependent nucleus-nucleus interactio
is important to make systematic studies in a wider ene
region. However, it is difficult to design an efficient3He
polarimeter system for a wide range of energies. The de
opment of a polarized3He ion source would provide goo
opportunities to extend the present study as well as to m
an absolute calibration of the polarimeter system.
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