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Elastic proton scattering from 4He at 297 MeV
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Differential cross sections, analyzing powers, and spin rotation parameters for elastic scattering of protons
on 4He at 297 MeV have been measured over a wide angular range (12°<u lab<66°). Experimental data have
been microscopically analyzed with relativistic impulse approximation calculations. The spin observables up to
medium scattering angles (uc.m.<40°) are predominantly sensitive to the ratio of the volume integral of scalar
density to vector density. With a ratio of 0.92, which is significantly smaller than those for heavier nuclei
~0.96–0.98!, both spin observables as well as the differential cross section have been quantitatively reproduced.
According to nuclear matter calculations, the small ratio reflects a high mass density. At backward angles, the
experimental cross sections are larger than any of the values calculated with realistic density distributions.
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I. INTRODUCTION

Elastic scattering of polarized protons on nuclei at int
mediate energies is a suitable tool for providing import
information on nucleon-nucleon (NN) interactions, wave
functions of the target nucleus, and reaction mechanis
Therefore, many studies of proton elastic scattering h
been performed on various targets and for a broad rang
beam energies. It is known that at incident energies of s
eral hundred MeV, the totalNN cross section has a min
mum and the nuclear reaction is expected to be well
scribed by a direct reaction mechanism. In this ene
region, theNN interaction itself has been investigated
detail byNN scattering@1#. At laboratory beam energies o
200 MeV, 300 MeV, and 400 MeV, Horowitzet al. @2,3#
parametrized theNN interaction in the Lorentz invarian
form of the NN amplitude with a relativistic Love-Frane
model. Murdock and Horowitz@3# have calculated observ
ables for proton elastic scattering with a relativistic impu
approximation~RIA! using these parameter sets of theNN
interaction. They have succeeded in describing quite well
observables, especially the analyzing powerAy and the spin
rotation parameterQ, for several targets from12C to 208Pb.
However, they did not consider4He because of the expecte
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large center-of-mass~c.m.! corrections, which were not in
cluded in their RIA formalism. Whether the RIA with a
appropriate recoil correction can be applied to light nuclei
4He or not is still open to question.

4He is the smallest closed shell nucleus. Its density
wave function has been extensively studied both experim
tally and theoretically. The measured small root-mean-squ
~rms! charge radius obtained from electron scattering@4#
suggests that the mass density in the center of the4He
nucleus is much higher than the ‘‘normal’’ density. Mor
over, there are calculations which predict a central mass d
sity of the 4He nucleus twice the ‘‘normal’’ density. Ex
amples are the calculations for the four-body4He system
using the ATMS ~amalgamation of two-body correlation
into the multiple scattering process! wave function generated
with the Reid soft core V8 potential@5# and the Green func-
tion Monte Carlo~GFMC! calculations@6# using a variety of
nucleon-nucleon interactions.

During the past more than 20 years,p-4He elastic scatter-
ing has been widely measured at various energies in the
termediate energy region@7#. Arnold et al. systematically
analyzed the data of differential cross sectionds/dV and the
analyzing powerAy above 500 MeV incident beam energ
with a phenomenological Dirac optical potential and o
tained a qualitative fit of theAy , which is poorly described
by the Schro¨dinger equation@8,9#. The energy dependence o
the ratio of the volume integral of the scalar potential to t
vector potential was investigated. However, the spin rotat
parameterQ was not included in their analyses because th
were no data. Elastic scattering of protons~spin 1/2! on spin
0 targets has only three independent observables:ds/dV,
Ay , and one of the spin rotation parameters@10#. The spin
rotation parameterR for proton elastic scattering on4He was
measured first at an incident energy ofEp5500 MeV @11#.
It was reported that the ambiguity of the phenomenologi
optical potential was much reduced by adding the spin ro
tion parameter to the data ofds/dV andAy @12,13#. Since
statistical errors of the measuredR parameters, however
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were large, especially at backward angles, some pote
ambiguities still remained. Elastic proton scattering on4He
including the spin rotation parameterQ was also measured a
a higher incident energy of 800 MeV@14#. At this energy,
interactions should include the effects ofD and p meson
production. The authors mainly discussed the influence oD
propagation on spin observables@14,15#.

So far, microscopic analyses using realistic density dis
butions andNN interaction have been scarce for4He elastic
scattering data. It is interesting to investigate how the h
density of 4He affects the observables of proton elastic sc
tering. In the present study, we want to elucidate the re
tionship between the density and proton elastic scatterin
4He. The three observablesds/dV, Ay , andQ have been
measured at 297 MeV for a wide range of angles fromu lab
512° to 66°. As beam energy, about 300 MeV has be
chosen because there are parameter sets ofNN interactions
by Horowitz @2# which can be used in RIA calculations an
because the effects ofD andp meson production are negl
gible. The experimental procedure is described in Sec
The data reduction and the evaluation of experimental er
are presented in Sec. III. In Sec. IV experimental results
compared with calculations using the RIA of Horowitz.
detailed discussion of this comparison between the data
the calculations is given in Sec. V followed by a summary
Sec. VI.

II. EXPERIMENT

The experiment was performed at the Research Cente
Nuclear Physics~RCNP!, Osaka University. A polarized pro
ton beam was accelerated up to 297 MeV@16# by the accel-
erator complex consisting of an AVF cyclotron and a ri
cyclotron@17# and transported onto a liquid4He target in the
scattering chamber. The cross sectionds/dV and analyzing
powerAy were measured using a vertically polarized bea
and the spin rotation parameterQ was measured using
horizontally polarized beam. The protons scattered from4He
were momentum analyzed by using the high-resolution m
netic spectrometer ‘‘Grand Raiden’’@18# which is shown
schematically in Fig. 1. Grand Raiden consists of two dip
magnets D1,D2, two quadrupole magnets Q1,Q2, a sext
magnet SX, and a multipole magnet MP for the higher-or
corrections. A special dipole magnet DSR at the end of s

FIG. 1. Layout of the Grand Raiden spectrometer and the fo
plane detector system. The detectors are shown in the DSR1 mode.
For measurements in the DSR2 mode indicated by dashed line
the detectors were moved to the other focal plane.
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tem is used to rotate the spin for the determination of all
horizontal spin components. The tracks of the scattered
tons were determined using a system of multiwire d
chambers of vertical-drift type~VDCS! @19# placed along the
focal plane of Grand Raiden. For the measurement of
spin rotation parameterQ, two independent in-plane polar
izations of scattered protons were measured using the fo
plane polarimeter~FPP! system@20# and the DSR magne
@18#. The event trigger system consisted of a thin~3-mm!
DE scintillator and two (X,Y) scintillator hodoscopes. The
second-arm magnetic spectrometer ‘‘LAS’’@21# was placed
at a fixed angle on the other side, and was used as a mo
for the thickness of the liquid4He target by counting proton
scattered elastically.

A. Polarized beam and beam line polarimeters

The polarized proton beam was produced by an atom
beam-type polarized ion source with an ECR ionizer@22#.
The polarization states~‘‘up’’ or ‘‘down’’ ! of the primary
beam were periodically reversed with a frequency of 1 Hz
the measurements of the cross sectionds/dV and analyzing
powerAy , the beam intensity was measured with an inter
Faraday cup@23# inside the scattering chamber. The bea
current was adjusted from 0.1 nA to 2.0 nA with increasi
scattering angle, and was limited by the data acquisition r
In order to obtain a horizontally polarized beam for the me
surement ofQ, we used a superconducting solenoid loca
between the AVF cyclotron and the ring cyclotron whic
precessed the direction of polarization from the vertical a
to the horizontal. In the measurements ofQ at angles larger
than u lab522.5°, the beam intensity was measured in
shielded external Faraday cup located about 30 m do
stream of the target. The maximum beam intensity was ab
30 nA.

During the measurements, the beam polarization was c
tinuously monitored by two sets of beam line polarimete
These polarimeters measured protons scattered at 17° fr
(CH2)n target in coincidence with the recoil protons by fo
detector sets placed up, down, left, and right relative to
beam direction. Each polarimeter was able to measure
vertical and horizontal components of the beam polarizati

Beam-bending dipole magnets were placed between th
polarimeters with total bending angles of 50°, which caus
a spin precession of 118.0° for 297 MeV protons relative
the beam direction. The three-dimensional polarization v
tor of the beam was determined with the polarization co
ponents measured in both polarimeters. The absolute v
of the beam polarization was about 70% during the exp
ment. In the measurements ofQ, the angle between the di
rection of the beam and polarization axis in the horizon
plane at the4He target was approximately 30°. The remai
ing vertical component of the beam polarization was ab
0.03.

The value of 0.4060.01 was employed as theAy of the
(CH2)n target used in the beam line polarimeters at 2
MeV, which is deduced from theAy of p-p scattering after a
small correction for the quasifree scattering from carb
This value was calibrated by a low-energy beam polarime

l-
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ELASTIC PROTON SCATTERING FROM4He AT 297 MeV PHYSICAL REVIEW C 63 034618
located between the AVF and ring cyclotron assuming t
the depolarization in the ring cyclotron was negligible. In t
low-energy beam polarimeter, the asymmetry of elastica
scattered protons from C atEp552.9 MeV was measured a
u lab550°. TheAy for this polarimeter was well establishe
in the previous work@24#.

B. Liquid-helium target

A liquid-helium target@25# with a diameter of 19.6 mm
was used in order to assure sufficient count rates eve
backward angles where cross sections are small. A schem
view of the liquid-helium target system and an enlarged p
ture of the target is shown in Fig. 2. The system consists
three main parts: a liquid-nitrogen (N2) reservoir, a liquid-
helium (4He) reservoir, and the target cell. The cylindric
target cell is made of aluminum with its axis in the vertic
direction. The thickness of the cell wall which is penetrat
by the beam is 0.2 mm. The cell diameter is 2.00 cm. T
target cell is surrounded by a 77 K copper shield for therm
insulation.

The temperature of the liquid helium was measured
two thermometers installed 7 cm and 12 cm above the b
center inside the target cell. The upper thermometer is
diode and the lower one is a carbon resistor thermomete

FIG. 2. Schematic cross sectional view of the liquid heliu
target and enlarged picture of the target.
03461
t

y

at
tic
-
f

l
d
e
l

y
m
Si
In

order to monitor the pressure inside the cell, a capacita
pressure transducer was installed near the pumping po
the top of the target system.

The liquid helium flowed into the target cell through
needle valve and a capillary at the bottom of the heliu
reservoir. After flowing into the target cell, helium evap
rated due to the heat from the energy loss of the beam, t
mal radiation, and thermal conduction. The evaporated
lium gas was pumped out through the stainless steel pipe
the port.

By monitoring the temperature with the upper thermo
eter, helium gas inside the cell was often evacuated a
matically with a rotary pump in order to keep the cell fille
with liquid helium. The liquid-helium surface was kep
above the lower thermometer. Since this evacuation con
ued periodically every few seconds, bubble formation ins
the cell was avoided. The temperature of the liquid was
by adjusting the needle valve and was monitored with
lower thermometer. By adjusting the conductance in
evacuation line, the pressure inside the target cell was c
trolled.

C. Dipole magnet for spin rotation and focal-plane
polarimeter

For the measurement of the spin rotation parameterQ, the
dipole magnet for spin rotation~DSR magnet! placed down-
stream of the bending dipole magnet~D2! of Grand Raiden
was used. The DSR magnet was operated with two deflec
angles of118° and217°. The spin precession angle (a)
relative to the proton path after passing through the dip
field is

a5g~g/221!c, g5~12b2!21/2, ~1!

where b is the velocity of the proton,g55.586 is theg
factor of protons, andc is the deflection angle of the proto
path. In our experiment, the kinetic energy of scattered p
tons changed between 211 MeV and 293 MeV depending
the scattering angles. The spin precession anglea is deter-
mined by bothg which is the function of the proton energ
and the deflection angle either118° or 217° of the DSR
magnet. Therefore, the difference of the precession anga
for the two DSR modes varied between 77.6° and 82.
Both the VDCS and FPP detector systems were mounted
a support which can be rotated according to the mo
(DSR1 or DSR2) of the DSR magnet as shown Fig. 1.

After momentum analyses of the scattered protons
Grand Raiden and their position and angle measuremen
the focal-plane detectors, the polarizations were measure
the FPP system. A schematic picture of the VDCS and
FPP system is shown in Fig. 3. The FPP system consists
carbon analyzer C, two multiwire proportional counte
MWPC-3 and MWPC-4, and two sets of plastic-scintillat
hodoscopes PS-X and PS-Y. Each MWPC consists of th
anode planesX-U-V with diagonal wire directions, i.e.
145° and245° in theU andV anode wire planes, respec
tively. The anode wire spacing is 2 mm. In the experime
only the U and V planes were used. The sensitive detec
areas of MWPC-3 and MWPC-4 are 1400 mm3 418 mm
8-3



e
d

e
ta

on
er
h
t

to
m
a
n

b
e
n
e

f t
n
in
th
s
za
e

ce
he
.

o-
p

c

tic
ter

nd

he
A

ch
de-
the

um.
0%
ule
ent
tive
ts.

his

ick-
ck-
nts.

S
f the
65

ars
ity
es.
ll

to

to

r
The
ent
wer
the
ack-
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and 1400 mm3 600 mm, respectively. The carbon analyz
C had a total thickness of 9 cm and was used as a secon
scattering target.

Up-down asymmetries of the protons scattered from th
target were measured with the FPP system in order to ob
polarizations in the scattering plane. Using the polarizati
measured in both DSR modes, the spin rotation parametQ
can be determined as will be shown in Sec. III C. Left-rig
asymmetries were also measured in order to determine
vector polarization (Py8) of the scattered protons. In order
decrease the trigger rates of the data taking system, s
angle scattering events from the carbon analyzer, which h
very small asymmetries, were eliminated by using a seco
level trigger@26#.

III. DATA REDUCTION AND RESULTS

A. Beam polarization

The polarization of the beam on target was monitored
two sets of beam line polarimeters during the measurem
as described in Sec. II A. The vertical beam polarizatio
deduced from both polarimeters agreed within statistical
rors and the nominal value was taken as an average o
results from both polarimeters. The horizontal compone
of the beam polarization were determined by combin
measurements of both beam line polarimeters. With
method, the polarization and its direction on target were
multaneously calculated. The statistical error of the polari
tion was typically 0.015 and that for the direction of th
horizontal beam polarization was less than 1.0°. The un
tainty of the normalization of the polarization came from t
analyzing power of the CH2 target as mentioned in Sec. II A

B. Cross section and analyzing power

From the liquid 4He target, the elastically scattered pr
tons were momentum analyzed by Grand Raiden. A sam
spectrum and aup-Ep plot obtained from the VDCS are
shown in Fig. 4. Since the background caused by a target

FIG. 3. Schematic layout of the focal-plane position detec
system~VDCS! and the focal-plane polarimeter~FPP!. The notation
refers to vertical drift chambers~VDC!, multiwire proportional
chambers~MWPC!, plastic scintillators~PS!, and carbon analyze
~C!.
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made of aluminum is sufficiently smaller than the elas
peak from 4He, the elastic events are reliably deduced af
background subtraction.

The number of elastic events for the beam spin up a
down were used to calculate the cross sectionds/dV and
analyzing powerAy . The number of the up-~down-! mode
events was normalized with tracking efficiencies of t
VDCS and the live time of the data acquisition system.
typical value of the tracking efficiency was about 80% whi
is somewhat dependent on the spin mode. The live time
pended largely on the spin mode due to rate limitations of
data acquisition. In the measurement at 18° with largeAy ,
the difference between up and down modes was maxim
Here, the live time was 75% for the spin up mode and 9
for the spin down mode. Since the current integral mod
was less reliable at a beam current below 1 nA, the ev
number of beam line polarimeters was used for the rela
normalization of the incident protons for all measuremen
The uncertainty of this estimation was at most 3%. T
number was normalized by the beam current over 1 nA.

The LAS spectrometer, which was used as a target th
ness monitor, was set at fixed angles, either 31° for the ba
ward measurements or 60° for the forward measureme
During the experiment, the target thickness of liquid4He
target was constant within the statistical error of the LA
events. From the measured temperature and pressure o
liquid helium target, the density was determined 0.12
60.0015 g/cm3.

The measured angular distributions for theds/dV andAy
are shown in Fig. 5 and Fig. 6 by solid circles. The error b
of ds/dV contain uncertainties in the liquid target dens
and the statistical errors which are almost within the circl
The error bars ofAy contain the statistical errors. An overa
normalization uncertainty of about 2.5% has to be added
the errors ofAy in the figure.

r

FIG. 4. Sample spectra of4He(p,p0) elastic scattering at 18°
measured in the focal plane of the Grand Raiden spectrometer.
upper panel shows a two-dimensional plot of energy vs the incid
angle of particles relative to the central scattering angle. The lo
panel shows the projection of the two-dimensional plot onto
energy axis. Counts in the large peak are elastic events. Some b
ground events from the aluminum target cell can also be seen.
8-4
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In Figs. 5 and 6, theAy andds/dV data previously mea
sured using the high-pressure gas target@27# are also plotted
with solid squares. The newAy data at forward angles (6
<u lab<38°) are consistent with our previous data. In th
experiment the beam current was less than 1 nA. This va
was below the sensitive range of the current digitizer a
therefore the absolute normalization factor had a large am
guity. For this purpose, we renormalized theds/dV data of
the gas target by the liquid target data at 18°.

C. Spin rotation parameter Q and polarization Py8

We measured the polarization transfer coefficients of
elastically scattered protons from the4He target by using the
two DSR modes~DSR1, DSR2) for each scattering angl
u. The horizontal spin components of scattered protons
cess in the vertical magnetic field of Grand Raiden and D
For example, at a scattering angle ofu542°, the precession
angles of the polarization axis relative to the proton’s p
were x15410.9° and x25330.2° for the DSR1 and
DSR2 modes, respectively. The polarization vector of sc
tered protons was determined by measuring asymmetrie
ter second scattering in the carbon analyzers of the FPP
tem. The transverse polarization componentp x9

9 in the
median plane is calculated using the up-down asymmetre:

p x9
9 5

e

Ay
e f f

5
1

Ay
e f f

12x

11x
, x5AD↑U↓

U↑D↓
, ~2!

whereAy
e f f is an effective analyzing power of the FPP sy

tem. The notationU↑ ,U↓ ,D↑ ,D↓ refers to the events fo
beam spin up (↑) or down (↓) measured in the FPP count
scattered up~U! or down (D). In these calculations, differ
ences of efficiencies and solid angles between up~U! and
down ~D! measurements are canceled out. The spin rota

FIG. 5. Comparison between measured differential cross
tions at 297 MeV incident proton energy and RIA calculations w
Dirac-Hartree~DH! density distributions. The solid curve uses t
DH443 distribution (MS5443 MeV/c2) and the dotted curve the
DH520 distribution (MS5520 MeV/c2). Both the present liquid
target data~circles! and the previous gas target data~squares! are
plotted.
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angleb is defined as the rotation angle of the polarizati
direction in the scattering plane between initial and fin
states in the same coordinate system@28#. If we definex1(2)

as the precession angle in the DSR1 (DSR2) mode with
corresponding superscripts1 (2), a relationship betweenb
andp x9

91(2) is expressed as follows:

px9
91(2)

5
e1(2)

Ay
e f f

5
1

Ay
e f f

pxz
1(2)A12Ay

2

11Aypy
1(2)

3cos~b2u lab2z1x1(2)1b0
1(2)!, ~3!

wherepy
1(2) , pxz

1(2) are the normal component, the in-plan
component, andb0

1(2) is the angle of the direction of the
beam polarization in the median plane~scattering plane!. The
quantitiesu lab and Ay are the scattering angle and the an
lyzing power of elastic scattering from4He. The definition

FIG. 6. Comparison between measured analyzing powersAy

and RIA calculations with DH density distributions. The notation
the same as that in Fig. 5.

FIG. 7. Definition of the coordinate systems (X,Z), (X8,Z8), and
(X9,Z9) used in the deduction of the spin rotation parameters.
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of the (X,Z) and (X9,Z9) coordinate system is indicated i
Fig. 7. The description of the measurements onpy andpxz is
presented in Sec. II A. The relativistic correction anglez
comes from the change of the laboratory frame to the c
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frame system@29#. For example the maximum value ofz is
2.76° atu lab566°. All angles are positive if the rotation i
the same as that of scattered protons. The spin rotation a
b is determined by the equation
tan~b2u lab2z!5
~11Aypy

2!p x9
92 cos~x11b0

1!/pxz
2 2~11Aypy

1!px9
91 cos~x21b0

2!/pxz
1

~11Aypy
2!px9

92 sin~x11b0
1!/pxz

2 2~11Aypy
1!px9

91 sin~x21b0
2!/pxz

1
. ~4!
-

rget
ial

n-

c-
e
its

for

n-
In these calculations,Ay
e f f is canceled out. This is importan

because the energy of the scattered protons from4He varies
and so doesAy

e f f . TheAy
e f f values were determined by solv

ing simultaneously the above equations~3! and ~4!. In the
experiment, for example,Ay

e f f was 0.45 for an energy o
scattered protons of 273 MeV atu lab536°. The obtained
Ay

e f f values were consistent with the fitting parameters
tained by McNaughtonet al. @30#.

The spin rotation parameterQ is related withb by

Q5A12Ay
2 sinb. ~5!

To avoid the calculation of higher-order error propagation
correlations, the error forQ was estimated by Monte Carl
simulations assuming normal and Poisson distributions
directly measured values and their errors. The statistica
rors of the valueQ were less than 0.03 even at backwa
angles. The data points ofQ are shown in Fig. 8. The uncer
tainty of Q from overall normalization errors ofAy is at most
0.02. The vector polarization (Py8) was simultaneously ob
tained from the left-right asymmetry. Forp-4He scattering,
Py8 is equal toAy as can be deduced from parity conserv
tion. The measuredPy8 andAy results are consistent withi
uncertainties.

IV. ANALYSIS WITH THE RELATIVISTIC IMPULSE
APPROXIMATION

A. RIA model

For the present microscopic study, we calculated the
servables with the relativistic impulse approximation usin
program coded by Horowitzet al. @31#. In this RIA frame-
work, the observables, especially the spin observables
heavier nuclei, have been well reproduced in the energy
gion from 200 MeV to 400 MeV@3#. We calculatedp-4He
scattering using this RIA program and compared the ca
lated results with our experimental data.

In the RIA framework, theNN amplitudesF̂ are repre-
sented by a set of Lorentz invariantsi (S5scalar,V5vector,
P 5 pseudoscalar,A 5 axial vector, andT 5 tensor!:

F̂5 (
i 5S,V,P,A,T

l (1)
i l (2)

i Fi , ~6!
-

r

f
r-

-

b-
a

of
e-

-

where thel (1)
i ,l (2)

i stand for the five Dirac operators corre
sponding to the above listed Lorentz invariantsi. The labels
1 and 2 stand for protons of beams and nucleons in the ta
nuclei, respectively. The first-order Dirac optical potent
for the spherical nuclei is produced by folding thisNN am-
plitude with the target density:

Uopt~q!5
24p iplab

M
@FS~q!rS~q!1g0FV~q!rV~q!#,

~7!

whereq is the momentum transfer and the densitiesr i(q) are
the Fourier transforms of ther-space scalar and vector de
sities. These are sums over the occupied nuclear levels:

rS~r !5 (
a

occupied

f̄afa , rV~r !5 (
a

occupied

fa
†fa , ~8!

wherefa is the single-particle four-component wave fun
tion labeled by statea. Although a tensor term has to b
included for a spin-zero nucleus, it is omitted because of
small contribution in the code. Thus the Dirac equation
the projectile is written as

$2 i a•“1UV~r !1b@M1US~r !#%U0~x!5EU0~x!, ~9!

whereE is the total energy of the projectile in the proto
nucleus c.m. coordinates system andM the rest mass of the
proton.

FIG. 8. Measured spin rotation parametersQ and RIA calcula-
tions. The notation is the same as Fig. 5.
8-6
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For a freeNN interaction, a meson parameter set of t
relativistic Love-Franey~RLF! model is used, which take
into account the exchange of mesons in the first-order B
approximation including both the direct and exchangeNN
scattering diagrams@2#. Instead of a pseudoscalar invaria
term, a pseudovector invariant term is chosen to alleviate
divergence of the potentials at lower energy. Parameter
for 200 MeV, 300 MeV, and 400 MeV were reported b
Murdock and Horowitz~MH! which were determined by fit
ting NN scattering data@1#. We used the MH parameter s
for 300 MeV in the present calculations.

For both the scalar and the vector density distributions
4He, we used at first a result of Dirac-Hartree~DH! calcu-
lations @31#. In the original DH calculations, the scalar m
son mass was chosen so as to reproduce the charge rm
dius of 40Ca. In this application of the DH calculation fo
4He—a light nucleus where the removal of the center-
mass motion needs to be taken into account—we treated
scalar meson mass as a free parameter.

In addition to the DH density distributions, we also us
three nonrelativistic baryon density distributions which a
shown in Fig. 9. Two of the distributions are the results
microscopic calculations and the third is an empirical den
distribution. The dashed line in Fig. 9 shows the ATMS c
culation of Morita et al. @5# and the dotted line shows th
GFMC calculation of Carlson@6#. The solid line denoted a
‘‘Sick’’ @4# shows the distribution which is obtained from th
experimental4He charge distribution by naively unfoldin
with the charge distribution of a free proton. In the RI
calculations with these nonrelativistic density distributio
which have no scalar densities, we assumed that the sh
of scalar density distributions are the same as the nonrel
istic baryon~vector! density distributions:

rS~r !5RSV3rV~r !. ~10!

As an initial value of this constant, we used the volum
integral ratio of the DH densities as follows:

FIG. 9. Several vector density distributions of4He used in the
RIA calculation. The solid curve~Sick! is the distribution obtained
from the experimental charge distribution of4He by unfolding the
charge form factor of a proton. The dotted curve and the das
curve are Carlson’s GFMC calculation and Morita’s ATMS calc
lation, respectively. Neutron density distributions are assumed t
equal to the proton density distributions.r0 indicates ‘‘normal’’
density.
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RSV5

E
v
rSdv

E
v
rVdv

. ~11!

This selection will be discussed in more detail in the ne
section.

Since 4He is a light nucleus, the recoil correction shou
be taken into account. Several methods of including the
coil effect have been suggested@32,33#. We examined the
effect of the recoil correction, using the method of Coop
and Jennings@33#. Here, both the scalar and vector potentia
(US,UV) are multiplied by constants

US→ Mtc
2

Et1Ep
US, UV→ Et

Et1Ep
UV, ~12!

whereEt andEp denote the total energy of target and prot
in the c.m. system, andMt denotes the rest mass of th
target.

B. Comparison of experimental data with calculated results

At first, the observables were calculated without a rec
correction. In the DH calculation, Horowitz used the sca
meson mass (MS) of 520 MeV/c2 to reproduce the empiri-
cal charge rms radius of40Ca and this value gives an appro
priate density distribution for most other nuclei. In the ca
of 4He, this value gives a density distribution with a rm
radius of 2.0 fm, which is much larger than the value d
duced from the realistic density distributions shown in Fig.
Moreover, theds/dV obtained by RIA calculation does no
reproduce the data at all~see the line labeled DH520 in Fig
5!. By decreasing theMS in the DH calculations the rms
radius is closer to the realistic rms radius and the calcula
ds/dV agrees much better with the data. With a value
MS5443 MeV/c2, Ay and Q are well reproduced up to
angles of about 40° as shown in Figs. 6 and 8 and the m
suredds/dV are reasonably reproduced by the calculat
~see DH443 line in Fig. 5!. TheRSV of the DH calculation is
0.92, and its rms radius is 1.34 fm.

In the RIA calculation with the various nonrelativisti
density distributions, we employed the above value ofRSV
50.92 to get scalar density distributions. The results
shown in Fig. 10. All calculations for the spin observabl
give almost the same results and reproduce well the exp
mental data at forward angles (uc.m.<40°) although the
shapes of the density distributions are rather different.
the ds/dV, all calculations also explain the data at forwa
angles. For angles larger than 30°, however, the calcula
with the Carlson density is slightly larger than the other c
culations. At backward angles (uc.m..40°), while three ob-
servables are very sensitive to the choice of the density
tributions, all the calculated cross sections underestimate
experimental results.

Here, we consider the recoil correction in the RIA calc
lation. Figure 11 shows this effect on the observables w
the correction of the Cooper-Jennings method is applied.

d

be
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reduction factors defined in Eq.~12! are 0.761 for the scala
potentials and 0.771 for the vector potentials. Although
absolute values of the potentials change by a large amo
the ratio of scalar to vector potentials is kept within 1%
While this correction decreases the cross section by 60%
does not change spin observables much.

V. DISCUSSION

In the previous section, the experimental angular distri
tions of three observables were well reproduced by the R

FIG. 10. Comparison between the experimental data and
calculations with nonrelativistic density distributions. The so
curve represents the results for the empirical distribution~Sick!.
The dotted curve shows the results using Carlson’s GFMC di
bution. The dashed curve shows the results using Morita’s AT
distribution. Mean values of the previous data with gas targets
the present data with the liquid4He target are represented for th
data points at the same scattering angles.

FIG. 11. Comparison between the data and RIA calculati
with and without the recoil correction. The empirical distributio
~Sick! is used as the density distribution.
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at forward angles smaller than 40° irrespective of the cho
of the model density. On the other hand, at backward an
larger than 40°, we cannot reproduce the cross section d
This may suggest the complexity of the reaction mechan
unexplained by the RIA. In the following four subsection
we will discuss the findings from a comparison of the expe
mental results and the RIA calculations at forward angles
the last subsection, we will briefly discuss the discrepanc
at backward angles.

A. Dirac-Hartree density distribution

In the RIA calculation, both vector and scalar densit
are needed. The Dirac-Hartree approximation is a reason
model to give these relativistic densities. The three cal
lated RIA observables, especially the spin observables u
the DH density for 4He, are in good agreement with th
experimental data at forward angles when the value ofMS is
reduced from the original 520 MeV/c2 to 443 MeV/c2. The
density distribution obtained with the value ofMS
5443 MeV/c2 showed a realistic baryon density distrib
tion for the 4He nucleus, the rms radius of which is about 1
fm, so that the central density is twice as high as the ‘‘n
mal’’ density. In the DH calculation of Horowitzet al., MS
was treated as a parameter which mainly determine the
radius of the nucleus. The rms radius of the nucleus
creases by reducing the value ofMS . Horowitz et al. chose
520 MeV/c2 so that the empirical rms radius of40Ca was
reproduced. This value was successfully applied in the w
mass number region from12C to 208Pb. However, we again
treatedMS as a free parameter to account for the center-
mass motion of such a light nucleus as4He. It is surprising
that a realistic density of4He is obtained only by the large
reduction ofMS from 520 MeV/c2 to 443 MeV/c2, because
the DH approximation, which is ‘‘mean field’’ theory, i
thought to be difficult to apply for the four-nucleon system
On the other hand,RSV of the 4He density also decreases
reducingMS . The DH density withMS5520 MeV/c2 has
RSV of 0.98 and that withMS5443 MeV/c2 has RSV of
0.92. This smallRSV mainly contributes to reproducing th
experimental spin observables as discussed in detail in
next subsection.

B. RSV and spin observables

We have employed various nonrelativistic or relativis
DH models to describe the target nuclear densities. For
nonrelativistic densities we assumed that the scalar and
tor density distributions are identical. Hence, the only fr
parameter is the ratioRSV of the scalar to vector density. A
a starting value, we adoptedRSV50.92 which was the bes
result of the DH calculations. In the relativistic case the s
lar and vector densities are different.

We calculated the angular distributions for each obse
able by changingRSV and found that the spin observablesAy
and Q are very sensitive toRSV. In order to determine the
bestRSV, we calculated the reducedx2 values for spin ob-
servables by varyingRSV not only for a nonrelativistic~Sick!
but also relativistic DH densities. The experimental data
the angular rangeuc.m.<40° was included in the fit. It should
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ELASTIC PROTON SCATTERING FROM4He AT 297 MeV PHYSICAL REVIEW C 63 034618
be noted that in the DH calculation, the primary paramete
MS which gives the correspondingRSV value. The solid
curve in Fig. 12 is the result of the nonrelativistic dens
~Sick! while open circles represent the result of the relat
istic one~DH!. The best value forRSV is 0.925 in the former
case and 0.915 in the latter. The small difference is ma
due to the discrepancy of the angular distributions at med
angles. When using the other nonrelativistic densities,
obtained a bestRSV at the very similar value of 0.92. Aroun
the bestRSV value, theds/dV data are also reproduced. W
conclude that the experimental data for a4He data set are
well reproduced by the RIA with the common value ofRSV
('0.92), irrespective of the choice of density model if on
forward angles are considered. This conclusion is in cont
to the results obtained for heavier targets, e.g.,16O, 40Ca,
and 208Pb, in which RSV values are 0.96–0.98. A sizab
difference ofRSV between4He and heavier nuclei is consid
ered to indicate that the4He nuclear density is much highe
than those for heavier elements. It was reported tha
nuclear matter calculations the ratio of the scalar to vec
densities decreases with increasing density@34#. When we
calculate the scalar density distribution from realistic4He
density by applying the density-dependent ratio of scalar
vectors from the nuclear matter calculation, the ratio of
volume integralRSV takes a value of about 0.92. If we app
the same procedure to40Ca, aRSV of 0.95 is obtained.

C. rms radii and cross sections

In this subsection, we discuss the relationship between
density distribution and the cross sectionds/dV. The rms
radii of the four density distributions are 1.40 fm, 1.47 fm
1.53 fm, and 1.34 fm for the GFMC distributions, the u
folded distribution from the electron data, the ATMS dist
bution, and the DH distribution~DH443!, respectively. The
RIA calculations using all these density distributions rep
duced the spin observables at forward angles with the s
RSV value of 0.92. As for theds/dV at forward angles, the

FIG. 12. Graph of the reducedx2 for spin observables as
function of the ratio of scalar to vector densityRSV. The solid curve
uses the parameter sets of Murdock and Horowitz at 300 MeV.
dashed curve uses the parameter set A of Maxwell. Results with
recoil correction are plotted by the dotted curve. On all curves,
empirical density distribution~Sick! is used. Open circles show th
results with DH density distributions.
03461
is

-

ly
m
e

st

in
r

to
e

he

-
e

Sick and ATMS distributions are preferable. The ATM
density distribution has an unphysical large tail which resu
in a large rms radius. If we omit the tail region (r
.3.0 fm) which does not affect the observables, the r
radius has to be reduced to 1.47 fm. With this rms value
about 1.47 fm, the4He density distribution describes th
observables well. However, it should be noted that we h
assumed the same shape of the scalar and the vector de
distributions for the nonrelativistic case. When the DH de
sity which is different for the scalar and vector density d
tributions is used in the calculation so that onlyds/dV is
much better reproduced, a rms radius of 1.40 fm is obtain
In the calculation with DH density distributions,ds/dV was
found to be very sensitive to the rms radius of the dens
distribution. In order to determine the rms radius conc
sively, we need to know the exact shape of the scalar den
distribution.

D. Recoil correction andNN interaction

In Fig. 11, it is shown that the RIA calculations with th
recoil correction based on the method of Cooper and J
nings worsen the agreement with the data, especially for
cross sectionds/dV. Although the spin observables are n
so much affected mainly due to the rather small change~1%!
of RSV, thex2 value is about 3 times larger than without th
recoil correction~see Fig. 12!. If we search for ax2 mini-
mum with the recoil correction, the best fitRSV is slightly
changed to 0.935 but the value ofx2 is not much reduced
Why the RIA calculation without a recoil correction can be
ter reproduce the data for such a light nuclei as4He is still an
open problem.

Murdock and Horowitz indicated the importance of a co
rection arising from Pauli blocking@3#, which causes a den
sity dependence of theNN interaction. We performed calcu
lations including this correction for4He. The agreemen
with the data, however, becomes worse in particular for
spin observableQ. Since4He consists of only four nucleons
this correction does not seem to be needed.

In the calculation above, we used the parameter set
300 MeV by Murdock and Horowitz for relativisticNN in-
teraction. Maxwell recently gave another parameter set a
function of the beam energy@35#. Calculations with this in-
teraction make the agreement with the data up to about
scattering angles worse as compared to the result with
interaction of MH. The reducedx2 value for the spin observ
ables for this case is also plotted in Fig. 12. The calcula
ds/dV using the Maxwell interaction is larger by a factor
1.2 than that with the MH interaction. The best fitRSV is
slightly decreased by about 0.1; however, the difference
the reducedx2 values between 0.91 and 0.92 ofRSV is small.
The best fitRSV value seems to be independent of the cho
of NN interaction.

E. Behavior at backward angles

A comparison of the RIA calculation with the differen
nonrelativistic density distributions as presented in Fig.
shows that the shape differences of the distributions, part
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larly in the central region, cause differences for the spin
servables at backward angles. The behavior of density di
butions in the central region affects the observables
backward angles. It may be possible to find density distri
tions where both spin observables are reproduced. Howe
we could not enlarge the calculated cross sectionsds/dV at
backward angles to reproduce the measuredds/dV with any
reasonable density distributions.

In the analyses@13# of data measured at 500 MeV, Kobo
et al. reported that the backward angle datads/dV, Ay , and
R can be reproduced by using a phenomenological scalar
vector potential which had minima in the central regio
They suggested that this minimum might be caused b
central minimum in the4He point nucleon density~Sick! @4#.
In fact, the point proton density distribution which is d
duced from unfolding the electron scattering data has a m
mum in the centers. However, this minimum in the poten
becomes very shallow or disappears in the process of fold
the free NN interaction with the density distribution. Al
though the cross sections calculated with the Sick density
slightly larger at backward angles, this increase is not su
cient to reproduce the data. For high momentum transfer
may need to consider the complexity of the reaction mec
nism not included in the RIA model.

VI. SUMMARY

We have measured angular distributions of cross sect
ds/dV, analyzing powersAy , and spin rotation parameter
Q for proton elastic scattering on a4He target at 297 MeV.
Precise data for all three quantities were obtained up
u lab566° using the Grand Raiden spectrometer with the s
rotation magnet DSR, the focal plane polarimeter syst
FPP, and a liquid helium target. Microscopic analyses h
v.
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been performed with the relativistic impulse approximati
according to the prescriptions of Murdock and Horowitz.
realistic 4He density distribution was obtained with th
Dirac-Hartree approximation with scalar meson massMS
5443 MeV/c2. Using these RIA calculations, the forwar
angle data (uc.m.<40°) are well reproduced. The ratio of th
volume integral of the scalar to vector densityRSV is well
determined. The ratio 0.92 obtained for4He is significantly
smaller than those for heavier nuclei. This value is not
fected by the selection of theNN interaction. Such a smal
value for RSV is considered to indicate the existence of
higher nuclear density of4He compared to heavier nucle
The calculatedds/dV is sensitive to the rms radius o
baryon~vector! density distributions. An rms radius of abou
1.47 fm is preferable although it depends on the scalar d
sity distribution. At backward angles, where the measu
angular distributions show a second bump, all calcula
cross sections based on RIA calculations underestimate
data while the spin observables are rather sensitive to
central region of the density distributions.
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