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Polarization transfer and spin response functions in quasielastic„p¢,n¢… reactions at 346 MeV
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A complete set of polarization transfer coefficients has been measured for quasielastic (pW ,nW ) reactions on
2H, 6Li, 12C, 40Ca, and208Pb at a bombarding energy of 346 MeV and a laboratory scattering angle of 22°
(qlab'1.7 fm21). The spin-longitudinalRL and spin-transverseRT response functions are extracted within a
framework of a plane-wave impulse approximation with eikonal and optimal factorization approximations. The
theoretically expected enhancement ofRL /RT is not observed. The observedRL is consistent with the pionic
enhancedRL expected by random-phase approximation~RPA! calculations. On the contrary, a large excess of
the observedRT is found in comparison withRT of the quasielastic electron scattering as well as of RPA
calculations. This excess masks the effect of pionic correlations inRL /RT . The theoretical calculations are
performed in a distorted-wave impulse approximation with RPA correlations, which indicates that the nuclear
absorption effect depends on the spin direction. This spin-direction dependence is responsible in part for the
excess ofRT . @S0556-2813~99!02306-7#

PACS number~s!: 25.40.Kv, 24.70.1s
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I. INTRODUCTION

The role of the pion (p) and rho meson (r) in the nuclear
spin-isospin response functions is one of the most interes
subjects of nuclear physics. The spin-isospin-dependen
sidual interaction is often given by thep1r1g8 model@1#.
In this model with a standard value ofg850.620.7, the

spin-longitudinal (s•q̂) interaction becomes moderately a

tractive for q.0.8 fm21, while the spin-transverse (s3q̂)
interaction remains repulsive for the wide range ofq @1#.

In 1982, Albericoet al. @1# theoretically pointed out tha
the attractive spin-longitudinal interaction should induce
enhancement and a softening~shift toward lower energy
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transfer! of the spin-longitudinal response functionRL with
respect to the free-response function in the quasielastic
gion for q.1 fm21. On the contrary, the repulsive spin
transverse interaction should induce a quenching and a h
ening ~shift toward higher energy transfer! of the spin-
transverse response functionRT in the same region. The
enhancement ofRL has attracted much interest in connecti
with both the precursor phenomena of the pion condensa
@1# and the pion excess in the nucleus@2–6#.

The Saclay@7–9# and Bates@10–13# groups have re-
ported RT of the quasielastic electron scattering at seve
momentum transfers. The quasielastic electron scattering
good probe for the study ofRT because electrons can pe
etrate the entire nuclear volume with little distortion. How
ever, it cannot probeRL in a one-photon-exchange plan
wave Born approximation~PWBA!.

The (pW ,pW 8) and (pW ,nW ) reactions can probe bothRL and
RT , and a measurement of a complete set of polariza
transfer coefficients allows us to extract them. Even thou
distortions in the nuclear mean field would reduce the
pected collective effects, most calculations including the
effects have suggested a significant enhancement ofRL rela-
tive to RT @14,15#.

In 1984, Careyet al. @16,17# reported a complete set o
polarization transfer coefficients for the quasielastic (pW ,pW 8)
scattering from 2H, Ca, and Pb atTp5500 MeV. Many
other experimental efforts@18–20# have been carried out to
measure complete sets of polarization transfer coefficie
for laboratory momentum transferqlab near the expected
maximum of the attractive spin-longitudinal interactio
(qlab'1.7 fm21). Analyses of these measurements do n
reveal the theoretically expected enhancement and softe
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3178 PRC 59T. WAKASA et al.
of RL . However, interpretation of these results is proble
atic @14,15# since the (pW ,pW 8) reaction could not distinguish
between the isoscalar and isovector spin-response funct

Recently, measurements of a complete set of polariza
transfer coefficients for quasielastic (pW ,nW ) reactions on2H,
12C, and 40Ca at Tp5494 MeV and scattering angles o
12.5°, 18°, and 27° were performed at LAMPF@21–23#.
These measurements yielded pure-isovectorRL andRT sepa-
rately, which shows no evidence for an enhancement ofRL
relative toRT . The conclusion of these measurements is t
there is a strong enhancement ofRT which masks the effec
of pionic correlations in the ratioRL /RT . However, there are
uncertainties in the extraction ofRL andRT , such as ambi-
guities associated with distortion effects and the freeNN t
matrix.

In this paper, we present the measurements of a comp
set of polarization transfer coefficients for quasielastic (pW ,nW )
reactions on2H, 6Li, 12C, 40Ca, and208Pb atTp5346 MeV
and a laboratory scattering angle ofu lab522° which corre-
sponds toqlab51.7 fm21 at the quasielastic peak. The m
mentum transfer is very close to that of the (pW ,pW 8) and
(pW ,nW ) experiments performed at LAMPF@16,17,21–23#.
However, the distortion in the nuclear mean field becom
minimum around a nucleon kinetic energy of 300 MeV. Fu
thermore, the freeNN t-matrix components relevant to th
measurement atTp5346 MeV are significantly differen
from those atTp5494 MeV.

The measured polarization transfer coefficients and c
sections are used to separate the cross sections into non
spin-longitudinal, and spin-transverse polarized cross s
tions. The spin-response functions can be deduced from t
within a framework of a plane-wave impulse approximati
~PWIA! with eikonal and optimal factorization approxima
tions. The spin-transverse response function is compare
that of the quasielastic electron scattering, which enable
in part to assess the assumption of the reaction mechan
The comparison of the experimentalRL andRT to the theo-
retical ones with random-phase approximation~RPA! corre-
lations is also performed. Finally, the polarized cross s
tions, the cross sections associated with longitudinal
transverse spin transfers, are compared to those calculat
a distorted-wave impulse approximation~DWIA ! employing
RPA response functions.

II. EXPERIMENTAL METHODS

The data presented here were obtained with the neu
time-of-flight ~NTOF! facility @24# at the Research Center fo
Nuclear Physics~RCNP!, Osaka University. These data re
resent the measurement of a complete set of polariza
transfer coefficients with the NTOF facility. Detailed d
scriptions concerning the NTOF facility and the neutron d
tection system can be found in Refs.@24–26#. In the follow-
ing subsections, therefore, we present a brief descriptio
the detector system and discuss experimental details rele
to the present experiment.

A. Polarized proton beam

A polarized proton beam was provided by the newly co
structed high intensity polarized ion source~HIPIS! @27#.
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The nuclear polarization state was toggled between the
mal, reverse, and unpolarized states every 8 s in order to
cancel out any geometrically associated false asymme
that might be present in the experimental instruments. T
polarized proton beam extracted from HIPIS was injec
into the AVF cyclotron and was accelerated up toTp559.7
MeV. The RF frequency of the AVF cyclotron was 16.24
MHz, which yielded a beam-pulse period of 61.6 ns.

The beam pulsing device is positioned in the injection li
from the AVF to ring cyclotrons. The beam pulse selecti
enables us to reduce the wraparound of slow neutrons f
preceeding beam pulses. In the present measurement
beam pulses were selected to 1/9, which yielded a be
pulse period of 554.1 ns.

The pulse-selected beam was injected into the main
cyclotron and was accelerated up toTp5346 MeV. The
single-turn extraction was maintained during the experim
so as to keep the beam-pulse period as well as to preven
depolarization of the horizontal component of the polariz
tion vector coming from the multiturn extraction. The rat
of multiturn extracted protons relative to single-turn e
tracted protons was typically less than 0.1%. Thus the effe
of the multiturn extraction were negligibly small.

B. Proton spin precession magnets

Two sets of superconducting solenoid magnets~SOL1
and SOL2! @24# were installed in the injection line from th
AVF to ring cyclotrons. Each magnet can rotate the direct
of the polarization vector from the normal into sideways
rections. These solenoid magnets are separated by a
angle of 45°, thus they allow the delivery of the beam to t
main ring cyclotron with two different directions of the po
larization vector in the horizontal plane. The spin precess
angle in a dipole magnet with a 45° bend angle is ab
85.8° for 59.7 MeV protons. In this manner, we can provi
a beam whose polarization axis is eitherS ~sideways!, N
~normal!, or L ~longitudinal! direction at the exit of SOL2 as
shown in Table I.

C. Beam-line polarimeter

The single-turn extracted beam from the ring cyclotr
was transported to the neutron experimental hall along
Nf beam line. The beam polarizations (S, N, L) were moni-
tored with two beam-line polarimeters BLP1 and BLP
BLP1 is located in theNf beam line and BLP2 is positione
at the neutron experimental hall~see Fig. 1!. These polarim-
eters are separated by a bend angle of 98°, thus the hori
tal and vertical components of the polarization vector can
determined simultaneously.

Each polarimeter consists of four arms of collimated pa
of conjugate-angle plastic-scintillator telescopes. The po

TABLE I. Direction of beam polarization produced by the s
perconducting solenoid magnets SOL1 and SOL2.

Beam polarization SOL1 SOL2

S off on
N off off
L on off



a
st
la
lid
s
rd

he

n

e

pe

m

y
th
or
ro
n
os

a

t
d
o

zing
MeV
an
e
n
of

olar-
rre-
ata
s-

he

or
a

OF

-
,

ngle
stic

re

per-
en

t of

on
o

or
tio
-

-
of

4–8
d-
in
ged

of-
lo-

the
de-

at

PRC 59 3179POLARIZATION TRANSFER AND SPIN RESPONSE . . .
imetry is based on the analyzing power of the1H(pW ,p)1H
scattering. The elastically scattered and recoil protons
detected in coincidence with a conjugate-angle pair of pla
scintillators. The thicknesses of forward and backward p
tic scintillators are 10 and 2 mm, respectively. The so
angle covered by a pair of scintillators is restricted to 2.1 m
by using a brass collimator installed in front of the backwa
scintillator. Both polarimeters use self-supporting CH2 tar-
gets with a thickness of 2.5 mg/cm2 as a hydrogen target.

The analyzing powers of BLP1 and BLP2 include t
contribution of the quasielastic (pW ,2p) reaction on C whose
analyzing power might be different from that of the freepp
scattering. Thus the effective analyzing powers of BLP1 a
BLP2 were calibrated as described in detail in Ref.@26#. The
effective analyzing power atTp5346 MeV is 0.430. The
statistical uncertainty is negligible and the systematic on
estimated to be60.003.

D. Beam swinger system

The beam swinger consists of two 45° bending C-sha
magnets~SW1 and SW2! with an orbit radius of 2.0 m~see
Fig. 1!. The gap and width of the pole are 10 and 40 c
respectively.

The reaction angle of the (pW ,nW ) reaction can be varied b
repositioning a target along the beam trajectory inside
pole gap, while the position of the neutron detect
polarimeter NPOL2 remains fixed along a 100 m neut
time-of-flight ~TOF! tunnel. Therefore, both the reactio
angle and the flight path length depend on the relative p
tions of the target and NPOL2 in the TOF tunnel.

E. Targets

A complete set of polarization transfer coefficients w
measured for (pW ,nW ) reactions on CD2, enriched 6Li
(>99% 6Li), natural C ~98.9% 12C), natural Ca~96.9%
40Ca), and enriched208Pb (>99% 208Pb). For the presen
purpose, the natural carbon and calcium can be regarde
12C and 40Ca, respectively. Targets with areal densities
338 mg/cm2 for CD2, 181 mg/cm2 for 6Li, 260 mg/cm2 for
12C, 359 mg/cm2 for 40Ca, and 634 mg/cm2 for 208Pb were

FIG. 1. Schematic layout of the neutron time-of-flight facility
RCNP ~not to scale!.
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used for the measurement of cross sections and analy
powers. These target thicknesses correspond to about 1
energy loss of incident protons which is slightly smaller th
the intrinsic energy resolution of about 1.3 MeV of th
NPOL2 system@24#. In the measurement of polarizatio
transfer coefficients, thicker targets with areal densities
662 mg/cm2 for CD2, 376 mg/cm2 for 6Li, 682 mg/cm2 for
12C, 669 mg/cm2 for 40Ca, and 1337 mg/cm2 for 208Pb were
used to achieve reasonable statistical accuracy for the p
ization transfer coefficients. These target thicknesses co
spond to about 2 MeV energy loss of incident protons. D
for the 2H(p,n) reaction were obtained from the cros
section weighted difference between the CD2 and 12C re-
sults.

F. Neutron spin rotation magnet

In order to measure the longitudinal component of t
neutron polarization vector, a dipole magnet~NSR magnet!
for rotating the direction of the neutron polarization vect
was installed in the movable concrete shielding wall with
thickness of 1.5 m positioned at the entrance of the T
tunnel~see Fig. 1!. In the NSR magnet, theS8 component of
the neutron polarization vector is not affected, while theL8
component is precessed into theN8 component. In the mea
surement of theL8 component of the neutron polarization
the NSR magnet was excited so that the precession a
became 90° for the neutron corresponding to the quasiela
peak. Because the precession angle in the magnetic fieldB'

is proportional to 1/b, so that the lower energy neutrons we
overprecessed (99.8° atTn5195 MeV! and the higher en-
ergy neutrons were underprecessed (84.5° atTn5315 MeV!.
Corrections for those over- and underprecessions were
formed to account for the small amount of mixing betwe
the N8 andL8 components.

This NSR magnet was also used for the measuremen
the induced polarizationP. In this case theN8 component of
the neutron polarization vector was precessed into theL8
component.

G. Neutron detector/polarimeter NPOL2

The neutron detector/polarimeter NPOL2@26# consists of
six planes of two dimensionally position sensitive neutr
detectors: four detectors of liquid scintillator BC519 and tw
detectors of plastic scintillator BC408. The liquid scintillat
BC519 has a moderately high hydrogen-to-carbon ra
~H/C! of 1.7. This high H/C value is useful for neutron po
larimetry where thenW 1p scattering in the scintillator pro
vides the reaction to analyze the neutron polarization. All
the six neutron detectors have dimensions of 13 13 0.1 m3.
The position resolutions are about 6–10 cm and about
cm for liquid and plastic scintillators, respectively, depen
ing on positions. Thin plastic scintillation detectors placed
front of each neutron detector are used to distinguish char
particles from neutrons.

An incident neutron energy is determined by the time-
flight to a given neutron detector with respect to the cyc
tron RF stop signal. A prominentg-ray peak from the decay
of p0 produced in the target provides a time reference for
absolute timing calibration. Neutron kinetic energies are
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termined from the flight time. The overall energy resolutio
in full width at half maximum, including target energy-los
contributions of about 1 MeV~for cross sections! and of
about 2 MeV ~for polarization transfer coefficients!, are
about 2 and 3 MeV for the cross section measurement
the polarization transfer measurement, respectively.

In the polarimetry mode of NPOL2, one of the five ne
tron detectors~all except for the last one! serves as a neutro
polarization analyzer, and the following neutron detector a
as a catcher of doubly scattered neutrons or recoil prot
Time, position, and pulse-height information from both an
lyzer and catcher planes are used to kinematically discr

nate thenW 1p events from thenW 1C events. This kinematica
selection also provides a highly efficient filter against ba
ground events from cosmic rays, targetg rays, or the wrap-
around of slow neutrons from preceding beam pulses. N
tron polarization is determined from the azimuth

distribution of thenW 1p events.
The magnitude and energy dependence of the effec

analyzing powers of NPOL2 were determined withN-type

polarized neutrons produced by the2H(pW ,nW )pp reaction at
Tp5146, 228, 296, 346, and 392 MeV. The results are
scribed in detail in Ref.@26#. For example, the effective ana
lyzing powers of NPOL2 atTn5291 MeV are 0.223

60.010 and 0.13260.004 for (nW ,n) and (nW ,p) channels, re-
spectively, where the uncertainties are the statistical o
The systematic uncertainties come from the uncertain
both of incident proton polarization (;1%) and of polariza-

tion transfer coefficients for the2H(pW ,nW )pp reaction ~1–
2 %!.

The neutron detection efficiency was determin
by normalizing to neutron yields from th
7Li( p,n) 7Be(g.s.10.43 MeV) reaction, which shows a
most constant center-of-mass~c.m.! cross section of
sc.m.(0°)527.060.8 mb/sr over the wide energy range
Tp5802795 MeV @28#. This reaction was used at bombar
ing energies ofTp5146, 228, 296, 346, and 392 MeV
which is sufficient to estimate the efficiencies spanning
neutron energy range necessary for the present data ana
It is found that the detection efficiencies are almost indep
dent of neutron kinetic energy, with a value of approximat
0.15 by combining all of the six neutron detectors. In t
present analysis, the averaged value of the neutron dete
efficiencies is used to deduce the cross section. A system
uncertainty of the cross section normalization is estimate
be about 6% by considering the uncertainties both of the7Li
cross section and of the target thickness.

III. DATA REDUCTION AND RESULTS

A. Coordinate system

The three orthogonal components of the outgoing neu
polarizationp85(pS8

8 , pN8
8 , pL8

8 ) are related to the compo
nents of the incident proton polarizationp5(pS , pN , pL)
through a set of polarization transfer coefficientsDi j ( i
5S8,N8,L8, j 5S,N,L) according to
s

nd

ts
s.
-
i-

-
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l
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s.
s

e
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n-
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tic
to

n

S pS8
8

pN8
8

pL8
8
D 5F S DS8S 0 DS8L

0 DNN 0

DL8S 0 DL8L

D S pS

pN

pL

D 1S 0

P

0
D G

3
1

11pNAy
. ~1!

This relation involves the complete set of polarization tra
fer coefficients allowed by parity conservation. The sidewa
(S), normal (N), and longitudinal~L! coordinates are define
in terms of the proton momentumk lab and the neutron mo-
mentumk lab8 in the laboratory frame asL̂5 k̂ lab, L̂ 85 k̂ lab8 ,

N̂5N̂85(k lab3k lab8 )/uk lab3k lab8 u, Ŝ5N̂3L̂ , and Ŝ85N̂8

3L̂ 8.

B. Data reduction

The measurement with theL-type beam providesDL8L
andDS8L , while the measurement with theS-type beam pro-
videsDS8S andDL8S . In the present experiment, theL- and
S-type beams have smallS andL components, respectively
Thus we have obtained the polarization transfer coefficie
associated with the sideways and longitudinal polarizat
components as follows.

When the SOL1 magnet is on, we assume the three
thogonal components of the polarization vector of proto
and neutrons at the target position asp15(p1S , 0, p1L) and
p815(p1S8

8 , 0, p1L8
8 ), respectively. The component of th

polarization vector in theL-S plane can be rotated by a
angle of 85.8° by switching off SOL1 and on SOL2. Th
resulting polarization vectors of protons and neutrons at
target position arep25(p2S , 0, p2L) and p825(p2S8

8 , 0,
p2L8
8 ), respectively. The components of the polarization v

tors are related toDi j according to

p1S8
8 5p1SDS8S1p1LDS8L , ~2a!

p1L8
8 5p1SDL8S1p1LDL8L , ~2b!

p2S8
8 5p2SDS8S1p2LDS8L , ~2c!

p2L8
8 5p2SDL8S1p2LDL8L . ~2d!

Thus, the polarization transfer coefficientsDS8S , DS8L ,
DL8S , andDL8L are obtained as

DS8S5
p1S8
8 p2L2p2S8

8 p1L

p1Sp2L2p2Sp1L
, ~3a!

DS8L52
p1S8
8 p2S2p2S8

8 p1S

p1Sp2L2p2Sp1L
, ~3b!

DL8S5
p1L8
8 p2L2p2L8

8 p1L

p1Sp2L2p2Sp1L
, ~3c!



th

i

lu
he
th
i-
lu

y

s
n

the
rated
ted
rre-

if-

is

iza-

and
t
ests
s

r f

iza-

.5
are
rgy
0

-
e

PRC 59 3181POLARIZATION TRANSFER AND SPIN RESPONSE . . .
DL8L52
p1L8
8 p2S2p2L8

8 p1S

p1Sp2L2p2Sp1L
. ~3d!

Because the component of the polarization vector in theL-S
plane can be rotated by an angle of 85.8°, the efficiency
measuring the polarization transfer coefficients is almost
same as that with pureS- andL-type beams.

The analyzing powerAy , induced polarizationP, and po-
larization transfer coefficientDNN are obtained with the
N-type beam. An independent measurement ofP is also per-
formed with the unpolarized beam. The values ofP obtained
with polarized and unpolarized beams are consistent w
each other within their statistical uncertainties.

In the actual experiment with theS- and L-type beams
using the SOL1 and SOL2 magnets, theN-type component
of the polarization vector was not zero and took a va
typically less that 0.01. Likewise a minor component in t
L-S plane of the polarization vector was observed for
measurement with theN-type beam. The effects of these m
nor components have been accounted for in all of the va
reported here.

C. Observables for the 2H„p¢ ,n¢ … reaction

Observables for the2H(pW ,nW ) reaction were extracted b
means of a cross section weighted subtraction of the C(pW ,nW )
observables from the CD2(pW ,nW ) observables. Figure 2 show
a representative set of cross section spectra as a functio
laboratory-frame energy transferv lab. The 2H(pW ,nW ) cross
section was obtained from the CD2(pW ,nW ) and C(pW ,nW ) reac-
tions as

s 2H5~sCD2
2sC!/2. ~4!

Polarization observables were obtained from

FIG. 2. Cross sections for (p,n) reactions on CD2 ~thin curve!,
12C ~dashed curve!, and 2H ~thick curve! obtained with theN-type
polarized beam. A dashed vertical line marks the energy transfe
the freenp scattering.
of
e

th

e

e

es

of

D 2H5~DCD2
2 f CDC!/~12 f C!, ~5!

whereD represents one of the polarization observablesDi j ,
P, or Ay , andf C5sC/sCD2

is the carbon fraction of the CD2
cross section. The carbon fraction was estimated by using
cross sections based on the target thicknesses and integ
beam current. The relative normalization was then adjus
to produce the best subtraction of the prominent peak co
sponding to the 42 state atEx54.2 MeV in 12N. The nor-
malization factor varies its value from 0.99 to 1.01 for d
ferent polarization observablesD. This variation might come
from the uncertainty of the integrated beam current which
estimated to be about 2%.

D. Observables for quasielastic„p¢ ,n¢ … reactions

The cross section, analyzing power, and induced polar
tion for (pW ,nW ) reactions on2H, 6Li, 12C, 40Ca, and208Pb
are presented in Fig. 3. Note that the analyzing power
induced polarization for2H are in fairly good agreemen
with each other around the quasielastic peak. This sugg
that the quasielastic scattering on2H can be assumed a
almost freenp elastic scattering with little distortion~shad-
owing! effect. The quasielastic distributions for12C, 40Ca,

or

FIG. 3. Cross section, analyzing power, and induced polar

tion spectra for the2H, 6Li, 12C, 40Ca, 208Pb(pW ,nW ) reactions at
Tp5346 MeV andu lab522°. The cross section is binned in 0
MeV steps. The analyzing power and induced polarization
binned in 5 MeV steps. The dashed vertical lines mark the ene
transfer for the freenp scattering. The solid curves shown from 3
to 120 MeV represent the optimal-framenp values with the phase
shift solution of Bugg and Bryan@29#. The dashed curves are th
values with theSP98phase-shift solution of Arndt@30#.
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3182 PRC 59T. WAKASA et al.
and 208Pb peak atv lab'80 MeV, which is more than 20
MeV larger than that for the freenp scattering.

The solid curves in Fig. 3 represent the corresponding
np values in the optimal frame with the phase-shift soluti
of Bugg and Bryan@29#. The dashed curves correspond
the values with theSP98phase-shift solution of Arndt@30#.
The optimal factorization approximation@31# was adopted to
deduce these values. This approximation is valid only aro
the quasielastic peak. Thus optimal-frame freenp values are
shown only in the range ofv lab5302120 MeV. Note that
the freenp values correspond to the values in PWIA calc
lations without correlations. These optimal-frame freenp
values reproduce the experimentally obtained analyz
power reasonably well around the quasielastic peak.

The polarization transfer coefficientsDS8S , DNN , DL8L ,
DS8L , andDL8S are presented in Figs. 4–8. The data here
binned in 5 MeV intervals. The uncertainties in the polariz
tion transferDNN around the quasielastic peak are abo
0.014 per 5-MeV bin, which should be compared to the
certainties~0.024 per 10-MeV bin! in the similar measure
ment at LAMPF atTp5494 MeV @21–23#. The dotted ver-
tical lines mark the energy transfer for the freenp scattering.
The solid curves represent the optimal-frame freenp values
with the phase-shift solution of Bugg and Bryan@29#. The
dashed curves correspond to the values with theSP98phase-
shift solution of Arndt@30#. Around the quasielastic peak
these optimal-frame freenp values can reproduce the expe
mentally obtainedDi j values for nuclear targets fairly we
except forDNN . In the following, we deduce the experime
tal spin-response functions from these data, and com

FIG. 4. Polarization transfer coefficientsDS8S , DNN , DL8L ,

DS8L , and DL8S for the 2H(pW ,nW ) reaction atTp5346 MeV and
u lab522°. The notations of the curves are the same as those in
3.
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them to the spin-transverse response function of the qu
elastic electron scattering and to the RPA response functi

The data for40Ca presented in Figs. 3 and 7 are tabula
in Tables II and III, respectively. The data for all five targe
shown in Figs. 3–8 are available with the Physics Auxilia
Publication Service of the American Institute of Physi
@32#.

FIG. 6. Same as Fig. 4 but for the12C(pW ,nW ) reaction.

ig.

FIG. 5. Same as Fig. 4 but for the6Li( pW ,nW ) reaction.
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IV. DEFINITION OF EXPERIMENTAL SPIN-RESPONSE
FUNCTIONS

A. Coordinate system

The momentum transfer in the nucleon-nucleus~NA!
center-of-mass~c.m.! system is given by

q5k82k, ~6!

FIG. 7. Same as Fig. 4 but for the40Ca(pW ,nW ) reaction.

FIG. 8. Same as Fig. 4 but for the208Pb(pW ,nW ) reaction.
wherek andk8 are the momenta of the incident and outgoi
nucleons in theNA c.m. frame, respectively. Then theNA
c.m. coordinate system (q,n,p) can be defined as

q̂5
q

uqu
, ~7a!

n̂5
k3k8

uk3k8u
, ~7b!

p̂5q̂3n̂. ~7c!

TABLE II. The cross section~laboratory!, analyzing power, and

induced polarization for the40Ca(pW ,nW ) reaction at 346 MeV and
u lab522°. The uncertainties are from statistical uncertainty only

v lab s lab Ay P
~MeV! (mb sr21 MeV21)

25.0 0.260060.0007 0.25060.004 0.25660.020
30.0 0.313160.0008 0.23360.003 0.24760.018
35.0 0.417660.0009 0.23060.003 0.22060.016
40.0 0.510460.0010 0.22160.003 0.22260.014
45.0 0.596860.0011 0.21560.003 0.26360.013
50.0 0.674660.0012 0.21860.002 0.23260.012
55.0 0.735160.0012 0.21060.002 0.23160.011
60.0 0.781860.0012 0.20260.002 0.21760.011
65.0 0.817160.0013 0.19860.002 0.22760.010
70.0 0.840760.0013 0.19760.002 0.20960.010
75.0 0.855360.0013 0.19060.002 0.21360.010
80.0 0.862460.0013 0.18560.002 0.22660.010
85.0 0.859560.0013 0.17760.002 0.21160.010
90.0 0.853060.0013 0.17260.002 0.21160.010
95.0 0.836960.0013 0.17460.002 0.22160.010
100.0 0.815660.0013 0.16760.002 0.21160.010
105.0 0.788560.0012 0.16860.002 0.22060.010
110.0 0.758860.0012 0.16260.002 0.20760.010
115.0 0.728460.0012 0.15960.002 0.20360.010
120.0 0.693060.0012 0.15660.002 0.22760.011
125.0 0.657660.0011 0.15160.002 0.21660.011
130.0 0.624260.0011 0.14760.002 0.19960.011
135.0 0.594960.0011 0.13960.003 0.19960.012
140.0 0.565960.0010 0.13260.003 0.21760.012
145.0 0.540960.0010 0.11960.003 0.21160.013
150.0 0.518060.0010 0.11160.003 0.19460.013
155.0 0.498860.0010 0.10360.003 0.19760.013
160.0 0.481360.0010 0.09260.003 0.22060.014
165.0 0.468560.0010 0.08960.003 0.21460.014
170.0 0.453660.0009 0.07860.003 0.17060.015
175.0 0.446760.0009 0.06860.003 0.18460.015
180.0 0.439860.0009 0.06360.003 0.19760.015
185.0 0.433760.0009 0.05360.003 0.19560.016
190.0 0.432460.0009 0.04860.003 0.14360.016
195.0 0.427960.0009 0.03960.003 0.15660.017
200.0 0.428860.0009 0.04060.003 0.16060.018
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TABLE III. Polarization transfer coefficients for the40Ca(pW ,nW ) reaction at 346 MeV andu lab522°. The
uncertainties are from statistical uncertainty only.

v lab

~MeV! DNN DS8S DL8L DL8S DS8L

25.0 0.07260.029 20.41360.047 20.55960.032 20.03460.047 20.15960.032
30.0 0.07760.026 20.45060.044 20.55760.030 0.06960.044 20.13860.030
35.0 0.06260.022 20.25360.038 20.54360.026 0.03360.038 20.12260.026
40.0 0.09160.020 20.35260.034 20.56460.023 0.04360.034 20.13860.023
45.0 0.05060.018 20.38860.031 20.56060.021 0.06360.031 20.09260.021
50.0 0.05560.017 20.33460.029 20.55160.020 0.05760.029 20.11360.020
55.0 0.04160.016 20.31560.027 20.52860.019 20.02960.027 20.12760.019
60.0 0.05360.015 20.40260.026 20.54360.018 0.01160.026 20.08960.018
65.0 0.06060.015 20.39660.026 20.52160.018 0.02560.026 20.06560.018
70.0 0.04960.014 20.34260.025 20.49360.017 0.00660.025 20.09260.017
75.0 0.05060.014 20.37060.025 20.51760.017 0.04760.025 20.12360.017
80.0 0.05760.014 20.32960.025 20.53060.017 0.00760.025 20.12060.017
85.0 0.06260.014 20.36060.025 20.50460.017 0.02360.025 20.05960.017
90.0 0.06060.014 20.38760.025 20.49160.017 0.02060.025 20.07860.017
95.0 0.05660.014 20.38160.025 20.46560.017 20.00560.025 20.09260.017

100.0 0.07260.014 20.37560.026 20.42460.018 20.00160.026 20.08360.018
105.0 0.06260.014 20.36760.026 20.48460.018 0.02860.026 20.10260.018
110.0 0.08560.014 20.37160.027 20.44660.019 0.04960.027 20.09460.019
115.0 0.07660.015 20.35960.028 20.41160.019 0.06060.028 20.12060.019
120.0 0.07860.015 20.37060.029 20.40060.020 0.07760.029 20.13060.020
125.0 0.07360.015 20.38660.030 20.39960.021 0.08360.030 20.10760.021
130.0 0.05460.016 20.36760.031 20.40560.021 0.08660.031 20.11260.021
135.0 0.04360.016 20.29460.032 20.39460.022 0.11460.032 20.12560.022
140.0 0.04660.017 20.27060.034 20.32360.023 0.03060.034 20.11160.023
145.0 0.04960.018 20.30860.035 20.37260.024 0.06860.035 20.07460.024
150.0 0.05260.018 20.34460.036 20.37160.026 0.06760.036 20.05860.026
155.0 0.06460.019 20.22560.038 20.34660.027 0.13260.038 20.12460.027
160.0 0.00360.019 20.27960.040 20.33460.028 0.02360.040 20.11760.028
165.0 0.02360.020 20.29260.042 20.33160.030 0.04860.042 20.15860.030
170.0 20.01460.021 20.24060.044 20.36660.031 0.09560.046 20.24060.033
180.0 0.01460.022 20.19860.049 20.29360.035 0.05660.048 20.18160.035
185.0 0.02660.023 20.16560.050 20.34560.036 0.17060.050 20.17760.036
190.0 0.00460.023 20.20060.053 20.34560.038 0.20160.052 20.14760.038
195.0 20.05460.024 20.14560.055 20.30060.040 0.07760.054 20.18660.041
200.0 20.01060.025 20.20360.058 20.26660.042 0.01660.057 20.22760.043
ar

b

l-
ns
Eq.

t

B. Optimal factorization in PWIA

The (p,n) unpolarized double differential cross sectionI
in theNA laboratory frame can be separated into four pol
ized cross sectionsID i as

I 5ID 01ID q1ID n1ID p , ~8!

where Di are the polarization observables introduced
Bleszynskiet al. @33#. In PWIA with eikonal and optimal
factorization approximations,ID i are expressed as

ID 058CK~2JA11!Neff~ uAhu2R0
21uC2

hu2Rn
2!, ~9a!

ID n58CK~2JA11!Neff~ uBhu2Rn
21uC1

hu2R0
2!, ~9b!

ID q58CK~2JA11!Neff~ uEhu2Rq
21uD1

hu2Rp
2!, ~9c!
-

y

ID p58CK~2JA11!Neff~ uFhu2Rp
21uD2

hu2Rq
2!, ~9d!

whereC is the transformation factor defined below,K is the
kinematical factor,JA is the target spin,Neff is the effective
neutron number,Ah2Fh are the components of the optima
frame t matrix, andRi

2 are the nuclear response functio
defined in the next subsection. The formalism to derive
~9! is given in Ref. @31#. The isospin degree of freedom
neglected in Ref.@31# is properly accounted for in Eq.~9!.

The transformation factorC in Eq. ~9! is required to ob-
tain Ri

2 defined by the intrinsic~internal! states of the targe
and the residualA-body system. It is given by@34#

C5
dVdv

dV labdv lab

dv int

dv
5

sinuc.m.

sinu lab

AsNA

MT*
~10!

with
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v int5MT* 2MT , ~11!

where dV and dV lab (dv and dv lab) are the solid angles
~energy transfers! in the NA c.m. and laboratory frames, re
spectively,uc.m. andu lab are the scattering angles in theNA
c.m. and laboratory frames, respectively,sNA is the Mandel-
stam parameter of theNA system, andMT and MT* are the
invariant masses of the target and of the residualA-body
system, respectively.

The kinematical factorK is given by@31#

K5
m im f

~2p!2

uk8u
uku

1

2~2JA11!
, ~12!

wherem i andm f are the relativistic reduced energies of in
tial and final states, respectively.

The optimal-framet matrix th has the form

th5~ t0
h1tn

hs0n1tq
hs0q1tp

hs0p!t0•t1 , ~13!

with components

t0
h5Ah1C2

hs1n , ~14a!

tn
h5Bhs1n1C1

h , ~14b!

tq
h5Ehs1q1D1

hs1p , ~14c!

tp
h5Fhs1p1D2

hs1q , ~14d!

wheres0i ands1i are the Pauli spin matrices for the proje
tile and target nucleons projected onto the directioni, andt0
and t1 are the isospin of the projectile and target nucleo
respectively.

C. Theoretical definition of spin-response functions

Thenormalizedspin-response function is theoretically d
fined by the intrinsic states of the target (uI &) and the residua
A-body system (uF&) as

Ri
m~q,v int!5

1

N
1

2JA11 (
I

3(
F

U K FU(
j 51

A

t j
m~sj ! iexp~2 iq•r j ; int!UI L U2

3d„v int2~Eint
F 2Eint

I !…. ~15!

N depends on the isospin operatort j
m as

N55
2N for t j

m5t j
2[

t j
x2 i t j

y

A2
,

N1Z for t j
m5t j

0[t j
z ,

2Z for t j
m5t j

1[
t j

x1 i t j
y

A2
,

~16!

whereN andZ are neutron and proton numbers of the tar
nucleus, respectively.

The spin-response functionRi
m is normalized as
,

t

E
0

`

Ri
m~q,v int!dv int→1 for q→`. ~17!

D. NN t matrix in optimal frame

The charge-exchangeNN t matrix tNN in the NN c.m.
frame is expressed as@35#

tNN5„A1Bs0ns1n1C~s0n1s1n!1Es0qs1q

1Fs0ps1p…t0•t1 . ~18!

The optimal-framet matrix th is related totNN by the trans-
formation @31#

th5J~h!R̂~h!tNN, ~19!

whereJ(h) is the Jacobian~Möller factor! and R̂(h) is the
relativistic spin rotation matrix.

The optimal-frameNN t matrix obtained from Eq.~19! is
a function of the Mandelstam parametersseff and teff . The
effective laboratory bombarding energyTlab

eff(5seff/2mN

22mN) and the effective c.m. scattering angleuc.m.
eff are de-

termined from these parameters. Some typical values for
12C(pW ,nW ) and 40Ca(pW ,nW ) reactions in the present cases a
shown in Table IV, in which the effective laboratory bom
barding energies vary about 110 MeV. This variation giv
rise to important consequences if theNN t matrix is strongly
energy dependent. The squaredt-matrix components in the
optimal frame are displayed in Fig. 9 for the12C(pW ,nW ) case.
The mixing betweenRq

2 andRp
2 seen in Eq.~9! is negligible

because the componentsD1
h andD2

h are very small. For the
present case,uD1

hu2/uEhu2'uD2
hu2/uFhu2,0.01. Note that

both ID 0 andID n in Eq. ~9! are insensitive to the spin-scala
response functionR0

2 because ofuAhu2!uC2
hu2 and uC1

hu2

!uBhu2. Inversely, it is very hard to obtainR0
2 reliably.

Therefore, we will evaluate only the spin-dependent
sponse functions.

E. Definition of ‘‘experimental’’ spin-response functions

The relationship betweenID i and Ri
2 in Eq. ~9! can be

simplified by considering the relative magnitude between
t-matrix components in the optimal frame.

First, the polarized cross sectionsID q and ID p are di-
rectly related toRq

2 andRp
2 , respectively, as

TABLE IV. Effective bombarding energiesTlab
eff and effective

c.m. NN scattering anglesuc.m.
eff for the 12C(pW ,nW ) and 40Ca(pW ,nW )

reactions atTp5346 MeV andu lab522°.

12C(pW ,nW ) 40Ca(pW ,nW )
v lab Tlab

eff uc.m.
eff Tlab

eff uc.m.
eff

~MeV! ~MeV! ~deg! ~MeV! ~deg!

30.0 372 46.2 373 46.1
60.0 340 47.8 341 47.8
90.0 302 51.1 301 51.1
120.0 259 56.4 259 56.5
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ID q58CK~2JA11!NeffuEhu2Rq
2 , ~20a!

ID p58CK~2JA11!NeffuFhu2Rp
2 , ~20b!

where the small contributions ofD1
h andD2

h are neglected.
Second, from Eq.~9!, ID n can be written as

ID n58CK~2JA11!Neff~ uBhu21uC1
hu2!

3H 11
uC1

hu2

uBhu21uC1
hu2

R0
22Rn

2

Rn
2 J Rn

2 . ~21!

For example,uC1
hu2/(uBhu21uC1

hu2) is typically about 0.05

for the 12C(pW ,nW ) reaction in the present kinematical cond
tion ~see Fig. 9!. Furthermore, the absolute magnitude
(R0

22Rn
2)/Rn

2 is expected to be less than 1. Thus the sec
term in the braces in Eq.~21! can be neglected. As a resu
ID n is directly related toRn

2 as

ID n58CK~2JA11!Neff~ uBhu21uC1
hu2!Rn

2 . ~22!

From Eqs.~20! and ~22!, the experimentalspin-response
functions can be defined as

Rq
25

ID q

8CK~2JA11!NeffuEhu2
, ~23a!

Rp
25

ID p

8CK~2JA11!NeffuFhu2
, ~23b!

FIG. 9. Squaredt-matrix components in the optimal frame wit
the Bugg and Bryan@29# phase-shift solution. The components a

derived according to the optimal-frame kinematics for the12C(pW ,nW )
reaction atTp5346 MeV andu lab522°.
f
d

Rn
25

ID n

8CK~2JA11!Neff~ uBhu21uC1
hu2!

. ~23c!

V. EXTRACTION OF EXPERIMENTAL SPIN-RESPONSE
FUNCTIONS

The experimental spin-response functions can be
tracted by using Eq.~23!. For this purpose, the experiment
polarization transfer coefficientsDi j should be transformed
into the polarization observablesDi , and the effective neu-
tron numberNeff should be calculated. Furthermore, it is ve
important to select a reliable freeNN t matrix which is used
to obtain the optimal-framet matrix by using Eq.~19!.

A. Polarization observables

The polarization observablesDi are related to theNA
laboratory-frame polarization transfer coefficientsDi j ac-
cording to@31#

D05
1

4
@11DNN1~DS8S1DL8L!cosa1

1~DL8S2DS8L!sina1#, ~24a!

Dn5
1

4
@11DNN2~DS8S1DL8L!cosa1

2~DL8S2DS8L!sina1#, ~24b!

Dq5
1

4
@12DNN1~DS8S2DL8L!cosa2

2~DL8S1DS8L!sina2#, ~24c!

Dp5
1

4
@12DNN2~DS8S2DL8L!cosa2

1~DL8S1DS8L!sina2#, ~24d!

where a1[u lab1V and a2[2up2u lab2V. The angleup
represents the angle between the incident beam direction
the unit vectorp̂ defined in Eq.~7!, and the relativistic spin
rotation angleV is given by@36#

tan~uc.m.2u lab2V!5
sinuc.m.

g~cosuc.m.1b/bc.m.!
, ~25!

wherebc.m. is the velocity of theNA c.m. frame relative to
that of theNA laboratory frame,b is the velocity of the
outgoing nucleon in theNA c.m. frame, andg[1/A12b2.

B. Effective neutron number

The effective neutron numberNeff acts as an overall at
tenuation factor which is given in the eikonal approximati
as

Neff~Tlab!5
N

AE0

`

2p b db n~b!exp@2n~b!s̃NN~Tlab!#,

~26!
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whereTlab is the nucleon kinetic energy in theNA laboratory
frame,b is the impact parameter,s̃NN(Tlab) is the totalNN
cross section in the nuclear medium, and

n~b!5E
2`

`

dzrA~Az21b2!. ~27!

The nuclear densityrA is taken from Ref.@37#. The in-
medium total cross section is calculated by the method
Smith and Bozoian as@38#

s̃NN~Tlab!5
2mN

k
30.6Tlab. ~28!

Neff , in principle, depends on both the incident proton a
the outgoing neutron kinetic energies. Thus we account
this energy dependence by taking an average value as

N̄eff5
Neff~Tp!1Neff~Tn!

2
, ~29!

whereTp and Tn are incident proton and outgoing neutro
kinetic energies, respectively.

The results are shown in Fig. 10 for the the present qu
elastic (pW ,nW ) reactions on6Li, 12C, 40Ca, and208Pb atTp
5346 MeV andu lab522°. Around the quasielastic peak
v lab'80 MeV, theN̄eff values are 2.6 and 5.6 for12C and for
40Ca, respectively. Note that the use of the free total cr
section of 32.5 mb atTp5400 MeV gives smallerNeff(Tp)
values of 2.1 and 3.8 for12C and 40Ca, respectively@39#.

The effective neutron number may also be estimated fr
the results of DWIA and PWIA calculations as@40#

Ñeff~v lab!5N
I DW~v lab!

I PW~v lab!
, ~30!

whereN is the target neutron number, andI DW and I PW are
the unpolarized cross sections in DWIA and PWIA calcu
tions, respectively. A brief description of DWIA calculation

FIG. 10. Effective neutron numbers for the quasielastic (pW ,nW )
reactions on6Li, 12C, 40Ca, and208Pb atTp5346 MeV andu lab

522°.
f

d
r

i-

s

m

-

will be given in Sec. IX. The calculations were performed f
12C and 40Ca with the RPA response functions employin
(gNN8 , gND8 , gDD8 )5(0.6, 0.3, 0.5! and m* (r 50)50.7mN

@see Eq.~36!#. The results areÑeff52.7 and 5.2 for12C and
for 40Ca, respectively, around the quasielastic peak. Thus

uncertainty ofN̄eff is estimated to be about 10%. In the fo

lowing discussions, we useN̄eff for Neff .

C. Comparison to 2H„p,n… data

The data of the2H(pW ,nW ) reaction provide a valuable
check on the accuracy of the freeNN t matrix derived from
various phase-shift solutions as demonstrated in Ref.@22#.
The polarization observables for2H are plotted in Fig. 11
along with the corresponding freenp values in the optimal
frame derived from the phase-shift solution of Bugg a
Bryan @29# and from theSP98phase-shift solution of Arndt
@30#. In the region around the quasielastic peak, both so
tions agree fairly well with the experimentally obtained o
servablesD0 and Dn . However, the solution of Bugg an
Bryan reproduces better the observablesDq and Dp which
are connected withRq

2 andRp
2 , respectively. The difference

between these two phase-shift solutions can be further
sessed by taking the ratioDq /Dp'uEhu2/uFhu2, and the re-
sults are shown in Fig. 12. The ratios obtained from the Bu
and Bryan solution~solid curve! are close to the experimen
tally deduced ratios, while the values from the Arndt soluti
~dashed curve! are larger than the corresponding experime
tal values. Thus we have employed the Bugg and Bryan
lution to extract the spin-response functions.

FIG. 11. Polarization observables for the2H(pW ,nW ) reaction com-
pared to optimal-framenp values. The solid and dashed curv
represent the optimal-framenp values with the Bugg and Bryan
phase shift@29# and with theSP98phase shift@30#, respectively. The
dashed vertical lines mark the energy transfer for the freenp scat-
tering.
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VI. RESULTS OF EXPERIMENTAL SPIN-RESPONSE
FUNCTIONS

A. Spin-response functions for2H

Figure 13 shows the spin-response functionsRq
2 , Rn

2 ,
and Rp

2 for 2H. We have used Eq.~23! to deduce these
response functions in PWIA withNeff51 ~no absorption!.
Two spin-transverse response functionsRn

2 and Rp
2 can be

independently determined experimentally. Because then di-
rection is identical to thep direction,Rn

2 should be equal to
Rp

2 . The experimentalRn
2 values are consistent with th

FIG. 12. Ratio of polarization observablesDq /Dp for

the 2H(pW ,nW ) reaction atTp5346 MeV andu lab522°. The solid and
dashed curves represent the ratio of the optimal-framenp values
with the Bugg and Bryan phase shift@29# and with theSP98phase
shift @30#, respectively. The dashed vertical line marks the ene
transfer for the freenp scattering.

FIG. 13. The spin-response functionsRq
2 , Rn

2 , Rp
2 , andRT

2 for

the 2H(pW ,nW ) reaction atTp5346 MeV andu lab522°. The solid
curves are the theoretical predictions from Itabashi, Aizawa,
Ichimura @41#. The dashed curves represent the calculations re
malized byNi51.06, 1.19, 1.17, and 1.18 forRq

2 , Rn
2 , Rp

2 , and
RT

2 , respectively.
correspondingRp
2 values, which shows the high reliability o

our measurements as well as of the optimal-framet matrix
used in the present analysis. In this paper we set the s
longitudinal RL

2 and spin-transverseRT
2 response functions

as

RL
25Rq

2 , ~31a!

RT
25

Rn
21Rp

2

2
. ~31b!

The result ofRT
2 is also shown in Fig. 13.

Recently, Itabashi, Aizawa, and Ichimura@41# calculated
the response functions associated with the2H(pW ,nW ) reaction,
including the final-state interaction between two proto
The results are shown in Fig. 13 with the solid curves. T
theoretical calculation reproduces both the magnitude
the shape of the spin-longitudinal response function fa
well, while the magnitude of the spin-transverse respo
functions is somewhat underestimated.

The spin-transverse response functionRT
0 of the quasielas-

tic electron scattering on2H at E05233.1 MeV andu lab
5134.5° (qlab'1.8 fm21) has been reported by Dytma
et al. @42#. The definition ofRT

0 of the quasielastic electron
scattering is described in detail in Sec. VII. The result
compared with the present (pW ,nW ) spin-transverse respons
function RT

2 in Fig. 14, in which the theoretical calculation
by Itabashi, Aizawa, and Ichimura atqlab'1.7 and 1.8 fm21

are shown by the solid curves. Note that the contribut
from the meson exchange current~MEC! to RT

0 of the (e,e8)
scattering, which is neglected in the theoretical calculati
is expected to be small by about 5%@42#. The (e,e8) spin-
transverse response function agrees fairly well with the t
oretical calculation. On the contrary, the (pW ,nW ) spin-
transverse response function is systematically larger t
both the (e,e8) one and the theoretical calculation.

We introduce the normalization factorNi in Eq. ~23! as

y

d
r-

FIG. 14. The experimental spin-transverse response functionRT
2

~filled circles! for the 2H(pW ,nW ) reactions atTp5346 MeV andu lab

522° (qlab'1.7 fm21). The open circles areRT
0 of the quasielastic

electron scattering on2H at E05233.1 MeV andu lab5134.5°
(qlab'1.8 fm21) @42#. The solid curves are the theoretical predi
tions from Itabashi, Aizawa, and Ichimura@41#.
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Rq
25

1

Nq

ID q

8CK~2JA11!NeffuEhu2
, ~32a!

Rp
25

1

Np

ID p

8CK~2JA11!NeffuFhu2
, ~32b!

Rn
25

1

Nn

ID n

8CK~2JA11!Neff~ uBhu21uC1
hu2!

. ~32c!

The Ni values have been adjusted so that the experime
spin-response functions are reproduced by the theore
ones around the quasielastic peak. They are 1.06, 1.19,
1.17 forNq , Nn , andNp , respectively.

There might be some origins ofNi . The experimentalID i
has uncertainties coming both from the cross section norm
ization ~6%! and from the polarization observablesDi ~2%!.
The ambiguity of the magnitude of the optimal-framet ma-
trix is estimated to be about 10%. Furthermore, there
uncertainties for the reaction mechanisms such as the s
owing effect since we deducedRi

2 on the assumption o
Neff51. Thus the obtainedNi values can be explained b
considering these uncertainties.

B. Spin-response functions for nuclear targets

The spin-longitudinalRL
2 and spin-transverseRT

2 re-
sponse functions for6Li, 12C, 40Ca, and 208Pb have been
deduced by using Eq.~32!, and the results are shown in Fi
15. The results for12C, 40Ca, and208Pb are very similar to
each other. This is not surprising if we consider the rema
able similarity between their polarization transfer coe

FIG. 15. The spin-longitudinalRL
2 and spin-transverseRT

2 re-

sponse functions for (pW ,nW ) reactions on6Li, 12C, 40Ca, and208Pb at
Tp5346 MeV andu lab522°.
tal
al
nd

l-

re
d-

-

cients. The close agreement in magnitude from the12C(pW ,nW )
through 208Pb(pW ,nW ) results indicates that the target-mass d
pendence has been properly accounted for in calculation
the effective neutron numberNeff .

There are some sources of systematic uncertainties in
absolute magnitude of the experimental spin-response fu
tions. In the present analysis, the absorption effect of nuc
distortions is treated by the effective neutron numberNeff .
There is the uncertainty of about 10% in the calculation
Neff , which directly affects the magnitude of the experime
tal spin response functions.

C. Ratio of spin-response functions

Much of the uncertainty associated with calculations
Neff might be removed by taking the ratio of spin-respon
functions. The ratiosRL

2/RT
2 are displayed in Fig. 16. Fo

12C and40Ca, the solid curves are the theoretical ratios of
RPA response functions with (gNN8 , gND8 , gDD8 )5~0.6, 0.3,
0.5! and m* (r 50)50.7mN , and the dashed curves repr
sent the ratios of the free response functions withm* (r
50)5mN @see Eq.~36!# @43,44#. A brief description of the
RPA calculations will be presented in Sec. VIII. The o
served ratios show no evidence for the theoretically expec
enhancement ofRL

2/RT
2 . To within the experimental uncer

tainties of about60.07 per 5-MeV~statistical! and 60.03
per 5-MeV ~systematic!, the RL

2/RT
2 values are consisten

with or smaller than unity.
The present results forRL

2/RT
2 are consistent with the

previous experimental studies of quasielastic (pW ,pW 8) @16,17#

FIG. 16. The ratiosRL
2/RT

2 for the 6Li, 12C, 40Ca, 208Pb(pW ,nW )
reactions atTp5346 MeV andu lab522°. The solid and dashed
curves are the ratios of the RPA and free response functions
spectively.
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3190 PRC 59T. WAKASA et al.
and (pW ,nW ) @21–23# reactions. The lack of the enhancement
RL

2/RT
2 has been considered as evidence against the

hancement of the pionic modes@45–47#. However, as dis-
cussed below, this is too early to draw such a conclus
since signatures of the pionic enhancement inRL

2/RT
2 are

masked by the excess ofRT
2 . This excess ofRT

2 will be

revealed by comparison ofRT
2 of the (pW ,nW ) reaction toRT

0 of
the quasielastic electron scattering as well as to the R
response function.

VII. COMPARISON TO ELECTRON SCATTERING

The spin-transverse response function deduced from
(pW ,nW ) reaction can be compared to that of the quasiela
electron scattering. In a one-photon-exchange PWBA,
laboratory-frame inclusive cross sectionI ee8 of the quasielas-
tic electron scattering can be described with the longitud
~charge! SL and transverse~spin and current! ST response
functions by the Rosenbluth formula as@48#

I ee85
4p

MT
sMotthCF S Qm

2

qlab
2 D 2

SL~q,v int!

1S Qm
2

2qlab
2

1tan2
u lab

2 D ST~q,v int!G , ~33!

whereMT is the target mass,sMott is the Mott cross section
h is the recoil factor given in Ref.@49#, C is the transforma-
tion factor given in Eq.~10!, and Qm

2 is the 4-momentum
transfer squared. The transverse response functionST can be
converted toRT

0 of the quasielastic electron scattering p
nucleon according to

4p

MT
ST~q,v int!5

A

2 S q

2mN
D 2

~mn2mp!2GD
2 ~Qm

2 !RT
0~q,v int!,

~34!

wheremp52.79,mn521.91, andGD is the empirical dipole
form factor given by@50#

GD~Qm
2 !5S 11

Qm
2

0.71 ~GeV/c!2D 22

. ~35!

Note that Eq.~34! ignores isospin-mixing effects and th
small contributions both of the isoscalar magnetic mom
and of the convection current@51#.

For 12C, 40Ca, 208Pb, and238U, there are measuremen
which are closely match the present experiment for the m
mentum transfer. The Saclay group has reported the (e,e8)
spin-transverse response functions for12C @7#, 40Ca @8#,
and208Pb @9# at qlab51.8, 1.7, and 1.8 fm21 ~350, 330, and
350 MeV/c), respectively. We compared them with o
(pW ,nW ) spin-transverse response functions in Fig. 17. T
Bates group has also reported the (e,e8) spin-transverse re
sponse functions for40Ca @11# at qlab51.7 fm21 ~330
MeV/c) and238U @12# at qlab51.5 and 2.0 fm21 ~300 and
400 MeV/c). They are also shown in Fig. 17. TheRT

0 values
of 238U averaged over those atqlab51.5 and 2.0 fm21 are
shown in the open boxes for208Pb.
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The (e,e8) spin-transverse response functions dedu
from the Saclay results are about 10% larger than those
duced from the Bates results for both40Ca and 208Pb. The
(pW ,nW ) spin-transverse response function agrees very we
shape with the corresponding (e,e8) one, but it is larger in
magnitude by factors of 1.5, 1.4, and 1.6 for12C, 40Ca, and
208Pb, respectively. The excess of the (pW ,nW ) spin-transverse
response functions is significantly large beyond their unc
tainties of about 10%. The origin of this excess will be d
cussed in Sec. IX by considering both the spin-direction
pendence ofNeff and the two-step contribution.

The solid curves in Fig. 17 are the RPA response fu
tions with (gNN8 , gND8 , gDD8 )5(0.6, 0.3, 0.5! andm* (r 50)
50.7mN @43,44#. For both 12C and 40Ca, the (e,e8) spin-
transverse response function is larger than the correspon
RPA one. The discrepancy would be due to MEC a
nuclear correlations beyond RPA such as the 2p2h configu-
ration mixing @51–55#. The differences between (pW ,nW ),
(e,e8), and RPA spin-response functions will be discussed
Sec. X.

VIII. COMPARISON TO RPA RESPONSE FUNCTIONS

The implication of the present data can be further emp
sized by comparing to the theoretical response functions.
spin-response functions are calculated in a framework
RPA @43,44#, in which the continuum RPA method@56# with
the orthogonality condition@57,58# is used to treat nuclea

FIG. 17. The experimental spin-transverse response functionRT
2

~filled circles! for the 12C(pW ,nW ) ~top panel!, 40Ca(pW ,nW ) ~middle

panel!, and208Pb(pW ,nW ) ~bottom panel! reactions atTp5346 MeV
and u lab522° (qlab'1.7 fm21). The open circles and the ope
boxes areRT

0 of the quasielastic electron scattering by Saclay@7–9#
and Bates@11,12# groups, respectively. The solid curves are t
RPA response functions.
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finite-size effects. The virtual excitation ofD is included, and
the p1r1g8 model @1# is adopted for thep-h and D-h
residual interaction. The calculations are performed with
the commonly used universality ansatz (gNN8 5gND8 5gDD8 ),
namely we treat all of theg8s independently. The mean fiel
of the finite nucleus is represented by a Woods-Saxon~WS!
potential. The nonlocality of the mean field is treated by
effective massm* with radial dependence of

m* ~r !5mN2
f WS~r !

f WS~0!
@mN2m* ~0!#, ~36!

in which f WS is the WS radial form factor. The spreadin
widths of the particle and of the hole states are taken
account by the imaginary potential and by the complex bi
ing energy, respectively.

Figure 18 compares the experimental spin-longitudi
RL

2 and spin-transverseRT
2 response functions for12C

and40Ca with the theoretical spin-response functions. T
solid curves are the results of RPA calculations with (gNN8 ,
gND8 , gDD8 )5(0.6, 0.3, 0.5! and m* (0)50.7mN , and the
dashed curves represent the free response functions
m* (0)5mN . Theseg8s andm* have been determined@40#
by DWIA calculations to reproduce the experimental sp
longitudinal cross section for12C deduced from the LAMPF
data@22,23#. The spin-response functions extracted from
LAMPF data are also shown by the open circles in Fig.
The present spin-response functions for12C are slightly
larger than those of the LAMPF measurement, while
spin-response functions for40Ca are consistent with eac
other. Since experimental spin-response functions have
uncertainty of about 10%, the difference for12C is not sig-
nificant.

FIG. 18. The experimental spin-longitudinalRL
2 ~left panels!

and spin-transverseRT
2 ~right panels! response functions fo

the 12C(pW ,nW ) ~upper panels! and40Ca(pW ,nW ) ~lower panels! reactions
at Tp5346 MeV andu lab522° (qlab'1.7 fm21). The solid and
dashed curves are the RPA and free response functions, re
tively. The open circles represent the spin-response functions f
the LAMPF data@22,23#.
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In the spin-longitudinal mode, the theoretically expect
enhancement is clearly observed for both12C and 40Ca. The
observed enhancement ofRL

2 from the free-response func
tion is beyond the uncertainty of the experimental respo
functions of about 10%. The experimental response func
for 12C is in fairly good agreement with the RPA result
shape, while that for40Ca is substantially hardened com
pared to the RPA result. The position of the quasielastic p
is affected bym* . In a Fermi gas model, the peak position
given byq2/2m* . Furthermore, as discussed in the next s
tion, the shape of the experimental response function is
fected by using the spin-dependent effective neutron num
Thus it is very difficult to conclude whether the theoretica
predicted softening is observed experimentally or not.

In the spin-transverse mode, for both12C and 40Ca, the
experimental response functions are significantly larger t
the RPA results and even larger than the free-response f
tions, namelyRT

2 is enhanced contradicting with the theore
ical prediction, i.e., quenching. This large excess ofRT

2

masks possible signatures of the pionic enhancemen
RL

2/RT
2 .

IX. COMPARISON TO DWIA CALCULATIONS

The most important effect of nuclear distortions is t
absorption. Up to the previous section, this effect has b
treated by the effective neutron numberNeff independent of
the spin direction. The spin-direction-dependentNi ;eff is
evaluated by comparing the results of DWIA and PWIA c
culations as@40#

Ni ;eff~v lab!5N
ID i

DW~v lab!

ID i
PW~v lab!

, ~ i 5q or p!, ~37!

whereN is the target neutron number, andID i
DW and ID i

PW

are the polarized cross sections in DWIA and PWIA calc
lations, respectively. The formalism of DWIA calculations
described in Refs.@15,59,60#. The calculations were per
formed for 12C and 40Ca.

Figure 19 compares the experimental polarized cross
tions ID q and ID p with the DWIA1RPA calculations. The
solid curves are the results of DWIA calculations with t
RPA response functions employing (gNN8 , gND8 , gDD8 )
5(0.6, 0.3, 0.5! andm* (0)50.7mN . The dashed curves ar
the DWIA results with the free-response functions emplo
ing m* (0)5mN . These results have been normalized
1.06 and 1.17 forID q andID p , respectively. These norma
ization factors are the same as those required to reprod
the experimental spin-response functions for2H by the the-
oretical calculations.

In the energy-transfer region ofv lab5402120 MeV, if
we use the results with RPA correlations, the spin-directi
dependentNi ;eff values obtained from Eq.~37! become
Nq;eff52.422.6 and Np;eff52.723.2 for 12C, and Nq;eff
53.924.3 andNp;eff55.927.1 for 40Ca. Note that the spin-
direction dependence of theNeff values comes from both th
effects of the spin-orbit part of the optical potential and t
difference of the radial dependence between the s
longitudinal and spin-transverse response functions.
spin-direction dependence for12C is rather small with

ec-
m
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3192 PRC 59T. WAKASA et al.
9–22 % in this region, and the spin-direction-depend
Ni ;eff values are close to the spin-direction-independentNeff
values of 2.5–2.7 obtained in the eikonal approximation.
the contrary, the spin-direction dependence for40Ca is sig-
nificantly larger with 31–43 %. TheNeff values in the eiko-
nal approximation are 5.4–5.8 in this region. Thus, if we u
the spin-direction-dependentNi ;eff values, the spin-
longitudinal response function for40Ca becomes 27–48 %
larger than that shown in Fig. 18, while the spin-transve
response function becomes 2–23 % smaller.

The DWIA1RPA calculations could reproduceID q fairly
well for both 12C and 40Ca at the low-energy-transfer regio
of v lab<60 MeV, while they fail to reproduceID q at the
high-energy-transfer region ofv lab.60 MeV. The calcula-
tions underestimateID p by a factor of 2 or so in the quas
elastic region. The disagreement between experimental
theoretical results at the high-energy-transfer region m
suggest the importance of the two-step contribution in t
region.

Recently, Nakaoka@61# has pointed out that the two-ste
contribution for ID p would be significantly larger than tha
for ID q . In the two-step process, the momentum transfer
the first and second steps share the experimentally obse
momentum transferq'1.7 fm21. Thus the two-step contri
bution can be represented as a coherent sum of the cont
tions with various combinations of the first and second s
momentum transfers. In the momentum-transfer region fr
0 to q'1.7 fm21, the spin-longitudinal interaction change
its sign at around 0.7 fm21, while the spin-transverse inter
action remains positive~repulsive!. Thus the coherent sum
for ID q is partly destructive, while that forID p is wholly
constructive. As a result, the two-step contribution forID p is

FIG. 19. The spin-longitudinalID q ~left panels! and spin-
transverse ID p ~right panels! polarized cross sections fo

the 12C(pW ,nW ) ~upper panels! and40Ca(pW ,nW ) ~lower panels! reactions
at Tp5346 MeV andu lab522° (qlab'1.7 fm21). The solid and
dashed curves represent the results of DWIA calculations with R
and free response functions, respectively. The results of DWIA
culations have been normalized by factors ofNq51.06 andNp

51.17 for ID q and ID p , respectively. See text for details.
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more important than that forID q . The two-step contribution
for ID p would be partly responsible for the discrepancy
the (pW ,nW ) spin-transverse response function from the cor
sponding (e,e8) and RPA ones.

X. REMARKS ON COMPARISON OF VARIOUS
RESPONSE FUNCTIONS

At the end we discuss the differences between (pW ,nW ),
(e,e8), and RPA spin-response functions in more detail. T
experimental spin-response functions represent not only
RPA correlation treated here, but also the effects of
higher-order~such as 2p2h) configuration mixing, etc. Fur-
ther the (e,e8) spin-transverse response function includes
contribution of MEC which is absent in the (pW ,nW ) one. Carl-
son and Schiavilla@54# estimated the contribution of MEC to
the (e,e8) spin-transverse response functionRT

0 to be more
than 20%, while Suzuki@52# predicted it to be only a few
percents. Albericoet al. @51# and Adams and Castel@55#
claimed that the 2p2h contribution significantly increase
RT

0 around the quasielastic peak. However, Takayanagi@53#
criticized the calculation of Albericoet al. @51# because it
does not exhaust all of the second-order perturbation
grams, and showed that the full second-order processe
duce the response functions around the quasielastic pea
the present momentum-transfer region. Considering th
situations, we must say that it is still an open quest
whether the difference between the (e,e8) and RPA spin-
transverse response functions can be understood by ta
account of the higher-order configuration mixing and ME

Here we set a simple model and consider the two extre
cases. We first assume the experimental spin-response
tions are expressed as

RL
2~pW ,nW !5RL

2;RPA1RL
2;2p2h1RL

2;2-step, ~38a!

RT
2~pW ,nW !5RT

2;RPA1RT
2;2p2h1RT

2;2-step, ~38b!

RT
0~e,e8!5RT

0;RPA1RT
0;2p2h1RT

0;MEC, ~38c!

where Ri
m;RPA, Ri

m;2p2h , Ri
2;2-step, and Ri

0;MEC denote the
RPA, 2p2h, two-step, and MEC contributions, respective
We neglect the isospin-transfer dependence (Ri

25Ri
0) and

further assume thatRL
2;2p2h'RT

2;2p2h 'RT
0;2p2h . As was

mentioned in the previous section,RL
2;2-step would be small

around the quasielastic peak and we set it to zero in
present model.

The first extreme case is that the difference betwe
(e,e8) and RPA spin-transverse response functions is o
due to MEC, namely the 2p2h configuration mixing is neg-
ligible. Then we could directly compareRL

2(pW ,nW ) to RL
2;RPA

as we did in this paper. We confirmed the enhancemen
RL

2 in this limiting case.
The second extreme is that the difference is only due

the 2p2h contribution, and henceRT
0;MEC is negligible. Then

it may be useful to consider the difference

RL
2~pW ,nW !2RT

0~e,e8!'RL
2;RPA2RT

0;RPA'RL
2;RPA2RT

2;RPA,
~39!
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in order to see the RPA contributions exclusively.
Figure 20 compares the experimental observa

RL
2(pW ,nW )2RT

0(e,e8) to the theoretical values ofRL
22RT

2 .
Here the Saclay data are used forRT

0(e,e8). The solid and
dashed curves, respectively, denote the RPA results
those of the free-response functions shown in Sec. VIII.

A reasonable agreement between the experimental
RPA results is obtained for12C, but the experimental value
are smaller than those of RPA for40Ca. However, if we use
the spin-direction-dependentNi ;eff for 40Ca shown in the pre-
vious section,RL

2(pW ,nW ) becomes larger by 30–54 %, and w
get better agreement. The contribution of MEC and the
ference betweenRL

2;2p2h(pW ,nW ) andRT
0;2p2h(e,e8), which are

neglected in the present model, might also be responsible
the disagreement.

The observed agreement supports the conclusion tha
experimental data strongly imply the pionic enhancemen
RL

2 in this second extreme, too. Of course, the theoret
works for the spin-response functions with the full contrib
tions of the higher-order configuration mixing and MEC a
reliable estimation of the contribution of the two-step pr
cesses should be called for to understand the difference
tween (pW ,nW ), (e,e8), and RPA spin-response functions qua
titatively.

XI. SUMMARY

In summary, the cross section, analyzing power, indu
polarization, and polarization transfer coefficients for qua
elastic (pW ,nW ) reactions on2H, 6Li, 12C, 40Ca, and 208Pb
have been measured atTp5346 MeV andu lab522° (qlab
'1.7 fm21).

The experimental spin-longitudinalRL
2 and spin-

transverseRT
2 response functions are extracted within

FIG. 20. The difference between the (pW ,nW ) spin-longitudinalRL
2

and the (e,e8) spin-transverseRT
0 response functions for12C ~upper

panel! and40Ca ~lower panel!. The solid and dashed curves are t
results of the RPA and free response functions, respectively.
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framework of PWIA with eikonal and optimal factorizatio
approximations. The experimentally obtainedRL

2/RT
2 values

show no evidence for the theoretically expected enhan
ment. The observed values are consistent with or sma
than unity within the uncertainties of about60.07 per
5-MeV ~statistical! and60.03 per 5-MeV~systematic!. The
present results forRL

2/RT
2 confirm the results of the previou

studies of quasielastic (pW ,pW 8) and (pW ,nW ) reactions which re-
veal no evidence for an enhancement ofRL

2/RT
2 at a momen-

tum transfer where the enhancement should be largest. H
ever, the lack of the enhancement ofRL

2/RT
2 does not

necessarily mean the absence of the pionic enhanceme
RL

2 .

The spin-transverse response function of the (pW ,nW ) reac-
tion agrees well in shape with that of the (e,e8) reaction, but
it is significantly larger in magnitude by factors of 1.5, 1.
and 1.6 for 12C, 40Ca, and208Pb, respectively. The uncer

tainty of the (pW ,nW ) spin-response functions associated w
the effective neutron numberNeff is estimated to be abou

10%. Thus the deviation between the (pW ,nW ) and (e,e8) re-
sults is substantially larger than this uncertainty. This app
ent excess ofRT

2 is responsible for masking possible sign
tures of the pionic enhancement inRL

2/RT
2 .

The spin-response functions for12C and 40Ca are com-
pared to RPA response functions. In the spin-longitudi
mode, the theoretically expected enhancement is clearly
served for both12C and 40Ca. The observed enhancement
RL

2 from the free-response function is significantly lar
compared to the uncertainty of the experimental sp
response functions of about 10%. In the spin-transve
mode, the experimentalRT

2 agrees fairly well in shape with
the RPA result which predicts the hardening ofRT

2 with
respect to the free response function. However, it is subs
tially larger than the RPA calculation for both12C and 40Ca.

The Neff values depend on the spin direction because
both the effects of the spin-orbit potential and the differen
of the radial dependence between the spin-response f
tions. The spin-direction dependence ofNeff is examined by
comparing the results of DWIA and PWIA calculations wi
RPA response functions. The spin-direction-dependentNi ;eff
becomeNq;eff52.422.6 andNp;eff52.723.2 for 12C, and
Nq;eff53.924.3 andNp;eff55.927.1 for 40Ca in the energy-
transfer region ofv lab5402120 MeV. These values shoul
be compared to the spin-direction-independentNeff in the
eikonal approximation of 2.5–2.7 for12C and 5.4–5.8 for
40Ca in the same region. The spin-direction-dependence
12C is rather small with 9–22 %, while that for40Ca is large
with 31–43 %. Thus, by using the spin-direction-depend
Ni ;eff , RL

2 for 40Ca is more enhanced by 27–48 %, whileRT
2

becomes small by 2–23 %.
In the (pW ,nW ) reaction, the two-step contribution is ex

pected to be more important for the spin-transverseID p po-
larized cross section than for the spin-longitudinalID q one.
Thus the excess of the (pW ,nW ) spin-transverse response fun
tion compared to the corresponding (e,e8) one would be due
to both the two-step contribution toID p and the overestima
tion of RT

2 originating from the use ofNeff independent of
the spin direction. The present RPA spin-response functio
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composed only of RPA correlation. Therefore, the theoret
works for the spin-response function including the effect
the higher-order configuration mixing as well as for the
action mechanism including the two-step process employ
the realistic spin-response function should be called for
investigate the difference between (pW ,nW ), (e,e8), and RPA
spin-response functions quantitatively.
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